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Abstract
Significant uncertainty remains in how and where modest, distributed shortening is
accommodated throughout the eastern Cascade Range in Washington State. Using lidar imagery,
I identified a ~5 km long lineament in Swakane Canyon near Wenatchee, roughly coincident
with a strand of the Entiat fault. Topographic profiles show the lineament is formed by a
southwest-side-up break in slope with between 2 and 42 m of vertical separation of the ground
surface. Trenching reveals deformed saprolite and colluvium consistent with southwest-side-up
folding caused by blind reverse faulting at depth. Radiocarbon and luminescence dating
combined with stratigraphic constraints suggest up to three Holocene earthquakes on the
southern Entiat fault with an average vertical separation of ~0.7 m per event. A ground
penetrating radar survey reveals up to 3.8 m of cumulative vertical separation of the basal trench
unit, consistent with up to six earthquakes on this structure. Rupture of the 5 km fault segment in
Swakane Canyon could produce an earthquake of M5.9 or M6.8 based on rupture length or
average slip, respectively. Holocene earthquakes on the southern Entiat fault could suggest
reactivation of the entire Entiat fault as well as other bedrock faults in the eastern Cascades. Low
rates of strain accumulation, as indicated by GPS surface velocities, likely result in long
earthquake recurrence intervals. Although active erosion and slow strain rates lead to a subdued
geomorphic expression of recent deformation, this study shows that the Entiat fault is an active,
seismogenic structure that should be considered in regional seismic hazard analyses.
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CHAPTER 1: HOLOCENE FAULT REACTIVATION IN THE
EASTERN CASCADES, WA
Introduction
Washington State and the Cascadia subduction zone (Figure 1.1) are seismically
active areas, with hazards including subduction zone megathrust earthquakes, deep
earthquakes along the subducting slab, and shallow ruptures in the overriding plate (e.g.
Giampiccolo et al., 1999; Bakun et al., 2002; Blakely et al., 2002; Kelsey et al., 2005; Nelson
et al., 2006). Extensive paleoseismic work in the Cascadia forearc identified and
characterized west to northwest-striking reverse faults capable of generating M7.0+
earthquakes (Blakely et al., 2002; Hyndman et al., 2003; Johnson et al., 2004; Kelsey et al.,
2012; Sherrod et al., 2013). Such faults are believed to accommodate north-shouth shortening
across Washington State (McCaffrey et al., 2013; McCaffrey et al., 2016). In some cases,
Mesozoic and Tertiary bedrock normal and strike-slip faults in the forearc are reactivated as
reverse and oblique-reverse faults (Sherrod et al., 2013; Wells and McCaffrey, 2013;
Personius et al., 2014).
Despite a wealth of work in the forearc, comparatively few studies have investigated
the seismic hazard related to shortening on the east side of the Cascades, an area known to be
seismically active (Figure 1.1) (Bakun et al., 2002; Crosson and Creager, 2003; Blakely et al.,
2011; Gomberg et al., 2012; Blakely et al., 2014). The Yakima folds (Figure 1.1) show
evidence for Pleistocene and Holocene deformation (Blakely et al., 2011; Barnett et al.,
2013; Reidel et al., 2013; Sherrod et al., 2016). Structures for which calculated slip rates exist
(Bender et al., 2016), however, account for only a small fraction of the observed total
shortening rate of 2-3 mm/yr (McCaffrey et al., 2016). Slow, distributed shortening also

likely limits the geomorphic expression of active structures, particularly in the mountainous
terrain of the northeastern Cascades. Thus, it remains uncertain where and how shortening is
accommodated in the eastern Cascades and where the associated seismic hazard exists. A full
understanding of the region’s seismic hazard is critical to the integrity of hydroelectric dams
along the Columbia River as well as the Hanford nuclear site ~75 km to the southeast.
I focus on the southern portion of the Entiat fault, a large northwest-striking bedrock
fault located northwest of Wenatchee, WA, thought to have been most recently active in the
Miocene (Figure 1.2) (Cheney and Hayman, 2009). Shallow crustal seismicity near the Entiat
fault (Figure 1.1) (Crosson and Creager, 2003; Gomberg et al., 2012), post-Miocene
deformation of Columbia River Basalts on top of the Badger Mountain anticline (Tabor et al.,
1987a) and the recent discovery of a nearby active reverse fault (Figure 1.2) (Sherrod et al.,
2014; Sherrod et al., 2015) form a growing body of evidence supporting ongoing north-south
shortening in the eastern Cascades. If the Entiat fault accommodates a portion of this
shortening, seismic hazard could be greater than previously thought.
In this study, I utilize a high-resolution light detection and ranging (lidar) dataset of
the southern Entiat fault region to map geomorphic features and locate ground surface offset
potentially related to earthquake rupture. I identified a ~5-km long lineament with SW-sideup apparent offset (Figure 1.3). To characterize and quantify offset, I analyzed subsurface
stratigraphy by trenching and conducting a ground penetrating radar (GPR) survey.
Radiocarbon and luminescence dating of trench stratigraphy provide age constraints on
trench stratigraphy and proposed earthquake deformation.
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Background
Geodetic & Paleoseismic Setting
Geodetic data show that tectonic blocks along the northwestern margin of the U.S.
rotate clockwise due to Pacific-North America relative plate motion and oblique subduction
of the Juan de Fuca plate beneath North America (Wells et al., 1998; Wells and Simpson,
2001; Mazzotti et al., 2002; McCaffrey et al., 2013; McCaffrey et al., 2016). Rotation results
in north-south compression of Washington in a fan-like manner against the stable backstop of
British Columbia (McCaffrey et al., 2013). The resultant ~5 mm/yr of shortening in the
Cascadia forearc (McCaffrey et al., 2013) is accommodated on west- to northwest-striking
reverse faults in western Washington, some of which are Tertiary normal and strike-slip
faults reactivated as reverse faults (Figure 1.1) (Blakely et al., 2002; Kelsey et al., 2012;
Sherrod et al., 2013; Personius et al., 2014).
North-south compression results in 2-3 mm/yr of shortening on the east side of the
Cascade Range (Figure 1.1) (McCaffrey et al., 2016). Evidence of shortening is visible in the
Yakima folds, a series of west- to northwest-trending anticlines cored by reverse faults that
deform the Miocene Columbia River Basalts (Figure 1.1) (Reidel et al., 1994; Reidel et al.,
2013). Quaternary bedrock terrace incision by the Yakima River indicates ongoing uplift of
anticlines corresponding to minimum north-south shortening rates of ~0.06-0.13 mm/yr on
individual structures (Bender et al., 2016). Paleoseismic trenching of fault scarps in the
Yakima folds reveals Quaternary deposits offset by normal and reverse faults, which are
interpreted as bending moment faults related to blind thrust faulting at depth (Blakely et al.,
2011; Barnett et al., 2013). Paleoseismic and geophysical studies along the northwest-striking
Wallula fault zone in the southeastern Yakima folds (Figure 1.1) show 6.9 km of dextral
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offset of dikes across the Wallula fault since their emplacement 8.5 Ma (Blakely et al., 2014)
and three earthquakes due to reverse-dextral slip since the late Pleistocene (Sherrod et al.,
2016).
Holocene deformation in the eastern Cascades is not restricted to the Yakima folds.
Lidar-based mapping and trenching of a prominent scarp in Spencer Canyon just north of
Wenatchee, WA revealed a south-vergent thrust fault (Figure 1.2) with offset Holocene
stratigraphy across the fault zone (Sherrod et al., 2014). Radiocarbon ages suggest the
Spencer Canyon fault was active in the Holocene and is likely responsible for generating the
1872 M6.8 earthquake, the largest crustal earthquake in Washington State history (Figure
1.1) (Sherrod et al., 2014; Sherrod et al., 2015). Additionally, ongoing seismicity near the
Entiat fault (Figure 1.1) has focal mechanisms consistent with north-south compression
(Giampiccolo et al., 1999; Bakun et al., 2002; Crosson and Creager, 2003; Gomberg et al.,
2012). Ongoing north-south shortening could reactivate pre-existing bedrock faults such as
the Entiat fault (Figure 1.1), as has been observed in the forearc (e.g. Kelsey et al., 2012;
Sherrod et al., 2013; Personius et al., 2014).

Entiat Fault
The bedrock geology of the study area generally comprises pre-Tertiary schist and
gneiss (Swakane gneiss and Napeequa complex) northeast of the Entiat fault, and Eocene
sandstones and conglomerates of the Chumstick Formation to the southwest (Figure 1.2)
(Gresens et al., 1981; Tabor et al., 1987a). Previous work suggests a complex history of
motion along the Entiat fault. The Entiat fault initially formed as a high-angle, southwestdipping normal fault during a period of either extension or dextral transtension in the Eocene,
which resulted in formation of the Chumstick basin (Laravie, 1976; Gresens et al., 1981;
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Johnson, 1985; Evans, 1994; Evans, 2010). Subsequent phases of reverse, dextral and normal
slip occurred between the Eocene and the early Miocene (Johnson, 1985; Evans, 1994;
Cheney and Hayman, 2009; Evans, 2010). No significant offset of post-Miocene age units is
noted across the Entiat fault or other nearby north to northwest-trending faults such as the
Straight Creek, Leavenworth and Eagle Creek faults (Figure 1.1), suggesting they have been
inactive since the Miocene (Evans, 1994; Cheney and Hayman, 2009; Evans, 2010). The
Entiat fault could, however, accommodate modern shortening as a dextral-reverse fault. The
lineament examined in this study is coincident with a mapped strand of the Entiat fault within
the Swakane gneiss (Tabor et al., 1987a).

Results
Surficial geology of Swakane Canyon
I utilize high-resolution (1 m pixel) lidar imagery of the Entiat-Chelan area collected
in 2013 by the U.S. Geological Survey and the Puget Sound Lidar Consortium
(http://pugetsoundlidar.ess.washington.edu/lidardata/) to identify geomorphic evidence of
earthquake-related deformation such as scarps and laterally offset features. I used hillshades
and slope maps derived from the bare-earth lidar to map geomorphic features at a 1:2,000
scale. Short, steep colluvial channels carved into bedrock hillslopes dominate the region. I
investigated several bedrock scarps along the main Entiat fault trace but a lack of Quaternary
deposits make it impossible to determine whether these scarps are parts of the fault-line scarp
resulting from Tertiary offset and later erosion or representative of Quaternary earthquake
activity. For full lidar imagery with mapped scarps, see supplemental figure S1.
Lidar and field investigation reveal a ~5 km long northwest-trending lineament that
forms a topographic bench cutting across the northeast side of upper Swakane Canyon
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(Figure 1.3A). The lineament is coincident with a strand of the Entiat fault (as mapped by
Tabor et al., 1987) within the Swakane gneiss, but not the primary basin bounding fault
(Figure 1.2). Profiles along the lineament suggest southwest-side-up displacement of the
hillslope (Figure 1.3B). Intersection of this feature with topography suggests a structure that
dips steeply to the southwest (~70-80°) in its southeastern extent but dips to the northeast in
its northwestern extent (Figure 1.3A). Inferred dips decrease in the northwestern part of the
lineament, ranging from near vertical at the center of the lineament to ~30°NE at the
northwest tip of the lineament (Figure 1.3A). Using topographic profiles across the lineament
and following the methodology outlined by Thompson et al. (2002), I calculate between 2 m
and 42 m of vertical separation of the hillslope surface (Figure 1.3B). The bench is most
prominent on ridge crests and is typically concealed in valley bottoms and beneath landslides
(Figure 1.3C). Ridges and channels show no resolvable lateral offset. However, significant
widening of valley bottoms downslope of the lineament could obscure up to 10 m of lateral
channel offset if the most recent offset preceded deposition of the youngest valley deposits.

Paleoseismic Trenching
I excavated two hand-dug trenches, the Slick Grass trench and the Logger’s Road
trench, across the Swakane Canyon lineament to investigate the nature and origins of this
feature (Figure 1.3A). Sites were selected for the narrow expression of the bench at these
locations. Stratigraphic units are described using USDA soil taxonomy classification
guidelines (Schoeneberger et al., 2012) and are distinguished based primarily on color,
lithology, matrix texture and sedimentary structures. Soil structure is not a useful
distinguishing factor for most units in either trench but is consistently defined by a weak to
moderately developed subangular blocky structure, excepting the basal clay-rich unit 1 and
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unit 3a gravel in the Slick Grass trench. For 1:20 scale digital detailed trench logs with full
unit descriptions and original hand-drawn field logs of both trenches, as well as a
photomosaic of the Slick Grass trench, see supplemental figures S2-5.
Slick Grass Trench
The Slick Grass site is located on a steep slope covered with hillslope colluvium and
sparse vegetation. There is no bedrock exposure near the Slick Grass site. The lineament cuts
obliquely across the hillside, which forces the trench to be oriented diagonally across the
slope face. V-ing of the lineament suggests a sub-vertical structure (Figure 1.3A) and
topographic profiles indicate 1.9 m of vertical separation at this site (Figure 1.4). Handexcavation of the Slick Grass trench exposed ~2 m of subsurface stratigraphy composed of
weathered bedrock overlain by colluvial deposits and a modern soil (Figure 1.4). A wellconsolidated clay-rich material limited trench excavation to ~2 m maximum depth.
Stratigraphic units are delineated using observations from both the northwest wall and a
portion of the southeast wall of the trench (Figure 1.4).
The oldest unit exposed at the bottom of the trench (unit 1) is a massive clay layer of
unknown thickness with few very fine roots, few sub-millimeter to millimeter-sized subrounded clasts of Swakane gneiss, and rare spheroidal clasts up to 4 cm in diameter. The unit
is predominantly gray in color with pervasive black, yellow and orange mottling including
some extensive tabular layers of black clay. The upper contact of the saprolite is
subhorizontal in the northeast portion of the trench, forms a convexity near horizontal meter
4 on the trench log, and is slope-parallel downslope of meter 4 (Figure 1.4). Linear zones of
mottling in the clay are parallel to the upper contact of the saprolite throughout. A thin
section of unit 1 produced from an oriented block sample reveals no preferential mineral
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orientation or deformation textures (L. Staisch, pers. comm, 2016). Abundant garnet,
hornblende, feldspar and quartz with significant alteration in the sample suggest, instead, that
it is likely a saprolite derived from the Swakane gneiss bedrock. Unit 1 is overlain at midtrench by a thin lens of well-consolidated, pale yellow, gravelly silty clay with pebbles of
Swakane gneiss (unit 2) across a ~3 cm clear but gradational contact.
Overlying units 1 and 2 in the northeast half of the trench across an abrupt contact is a
poorly consolidated yellowish brown angular clast-supported coarse gravel containing
pebbles and cobbles commonly stained dark reddish brown in a loamy sand matrix (unit 3a).
Average clast size is greatest towards the northeast end of the trench including fractured
boulders of Swakane gneiss, with a lower concentration of the largest cobbles to the
southwest (Figure 1.4). Unit 3a is 120 cm m thick at meter 8 and pinches out around meter 4
(Figure 1.4). Clast long axes of Swakane gneiss plunge steeply downslope in the northeast
portion of the unit, while to the southwest clast long axes are aligned with the wavy geometry
of the unit (Figure 1.4). The southeast wall of the Slick Grass trench contains a zone of very
gravelly loam to clay loam (unit 3b) similar to that of unit 3a but with a more silt and clayrich matrix, which results in noticeably better consolidation. Southwest of meter 4, a lens of
light brown, well-consolidated very gravelly loam with pebbles and cobbles (unit 3c) overlies
the southwest portion of unit 2 and the toe of unit 3a across a clear contact. Maximum clast
size is similar to unit 3a but unit 3c is better consolidated. Unit 3c exhibits no depositional
fabric and a higher silt and clay content than unit 3a. Farther to the southwest, an abrupt
contact divides unit 1 below from a tabular package of yellowish-brown very gravelly loam
above with pebbles, few cobbles and common roots (unit 3d). Based on geometry and
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lithology, I interpret units 3a, 3b, 3c and 3d to represent a single related package of
colluvium.
An abrupt contact divides unit 3a from an overlying well-consolidated, yellowish
brown, very gravelly loam with pebbles, few cobbles and common roots (unit 4). Average
and maximum clast size is significantly smaller than in unit 3a below (Figure 1.4). Unit 4 is
thin in the northeast, up to 60 cm thick near mid-trench, and pinches out northeast of meter 4
(Figure 1.4). Clasts are sub-angular and long axes plunge downslope steeper than the surface,
forming a distinct shingling fabric. The dip angle of the fabric is steepest to the northeast,
gentler to subhorizontal to the southwest, and eventually dips upslope at ~35° in the
southwestern toe of unit 4 (Figure 1.4). I interpret unit 4 as colluvium.
In the southwest end of the trench, a well-consolidated, grayish brown, very gravelly
silty clay loam with pebbles and very few cobbles (unit 5a) overlies units 3c, 3d and 4 across
a clear contact. Unit 5a also abuts unit 6a to the northeast across a gradual and cryptic
contact. Unit 5a exhibits a tabular geometry and a subtle slope-parallel depositional fabric,
which appears to truncate the fabric in the southwest toe of unit 4 but is roughly parallel to
the fabric in the toe of unit 6a (Figure 1.4). Correlation of unit 5a with either unit 4 or 6a is
possible and both interpretations are considered below.
Unit 6a, which overlies unit 4, is a moderately consolidated, light brownish gray, very
gravelly silt loam with pebbles and few cobbles. Unit 6a is a lens-shaped sedimentary
package lithologically similar to the underlying unit 4, including a downslope-plunging
sedimentary fabric that dips steeply in the northeast end of unit 6a, and gently to slope
parallel in the southwest (Figure 1.4). However, a grayer color (light brownish-gray) and
higher silt and clay content distinguish unit 6a from unit 4. The contact between units 4 and
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6a is cryptic in the trench and difficult to locate in places, which makes the unit boundary
approximate. Still, I interpret unit 6a to be a distinct colluvial deposit. Unit 6a ends just
northeast of meter 4.
Units 5a and 6a contain lenses of poorly consolidated, brown, gravelly silt loam with
pebbles and common fine roots that I label as units 5b and 6b (Figure 1.4). These lenses
commonly correspond with thick tufts of grasses at the surface and are interpreted as heavily
root stirred and bioturbated zones of units 5a and 6a.
The trench is capped by a silty clay loam with angular pebbles and many fine roots
(unit 7). Unit 7 maintains a relatively constant 10-20 cm thickness up- and downslope of
meter 4 and is interpreted as the modern topsoil.
Test pits above and below the Slick Grass trench reveal stratigraphy largely consistent
with trench stratigraphy nearest each respective pit. The upper test pit, located 5 m upslope,
contains five units including a poorly consolidated coarse gravel at the base, capped by a
very gravelly loam, a very gravelly silt loam, a root-stirred gravelly silty loam and the
modern topsoil. Stratigraphy in the upper pit is interpreted to correlate with units 3a, 4, 6a, 6b
and 7 (Figure S2). In this test pit, the top of unit 3a is only 60 cm below the surface,
compared to 110 cm below the surface at the upslope end of the trench and units 4 and 6 are
slightly thinner than in trench exposures. The lower test pit, located 3 m downslope, contains
four units including a dense, clay-rich unit at the base, overlain by a very gravelly loam, a
very gravelly silty clay loam and topsoil. Lower pit stratigraphy is interpreted to correlate
with units 1, 3d, 5a and 7, respectively. Units are roughly the same thickness in the lower test
pit as in the downslope end of the trench.
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Logger’s Road Trench
The Logger’s Road trench intersects the Swakane lineament ~1.2 km northwest of the
Slick Grass trench (Figure 1.3A) where topographic profiles indicate 2.3 m of vertical
separation of the ground surface (Figure 1.5). The site is located on a ridge crest where V-ing
of the lineament suggests a structure that dips ~60° to the northeast (Figure 1.3A). The
ground surface is covered with hillslope colluvium and there is no bedrock exposure near the
site. Hand excavation at this trench was limited to a maximum of 1 m depth by a very
resistant layer of fractured bedrock. This limited exposure to three tabular layers of hillslope
colluvium and a modern soil.
The lowest stratigraphic unit in the Logger’s Road trench is a light brown very
gravelly sandy loam (Unit 1) with angular pebbles and cobbles. Much of unit 1 consists of
fractured cobbles and boulders of Swakane gneiss. Unit 1 is capped across a ~10 cm thick
gradational contact by a light grayish brown gravelly silty loam with angular pebbles and few
cobbles (unit 2a). Clast long axes locally define a faint depositional fabric that dips steeply
downslope (Figure 1.5). In the southwestern and northeastern ends of unit 2a, depositional
fabric is roughly slope-parallel. Unit 2a is overlain by a light yellowish brown silty clay loam
with angular pebbles and common fine roots (unit 2b). A poorly consolidated grayish
yellowish brown unit with a silty clay loam texture with few subangular pebbles and fine
roots (unit 3) caps the Logger’s Road trench.
A test pit 4 m downslope of the southwest end of the trench where the hillside begins
to roll over the downslope edge of the bench exhibits the same stratigraphy with similar unit
thicknesses.
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Chronology
Radiocarbon dating
I use radiocarbon dating to constrain the age of subsurface deposits. An absence of
delicate plant material in trench deposits required collection and dating of charcoal.
Radiocarbon dating of charcoal, however, carries with it multiple sources of uncertainty.
Radiocarbon ages of charcoal may suggest inaccurately old deposition, either because
charcoal can persist in landscapes though multiple rounds of deposition (Taylor et al., 1992)
or because the date represents an inbuilt age from wood near the center of a large tree (Gavin,
2001). Conversely, burrowing may carry charcoal down through the soil and tree roots can
burn in-situ during wildfires, placing anomalously young charcoal deep in a sedimentary
sequence. Bulk sediment samples also introduce the possibility for contamination with other
organic material and charcoal during collection. I address these issues by comparing
radiocarbon dates with stratigraphic superposition and IRSL dates to determine the most
plausible radiocarbon dates.
I sampled both trenches for charcoal to radiocarbon date. Discrete pieces of dateable
material were difficult to find so bulk sediment samples were also collected to provide
multiple samples from each unit. I floated and dried bulk samples according to procedures
outlined by Matthews (1979). Each piece of charcoal greater than 1 mg was separated and
cleaned, and I selected 19 of the largest, most angular samples, those least likely to be
recycled, for dating. I prepared and analyzed samples at the Lawrence Livermore National
Laboratory Center for Accelerated Mass Spectrometry. Radiocarbon ages are calibrated
using the OxCal 4.2.4 program (Bronk Ramsey, 2009) and the IntCal13 calibration curve
(Reimer et al., 2013). Radiocarbon dates are presented throughout as a range of calendar
years B.P. that incorporates 2-sigma error for each probability distribution (Table 1.1).
12

Sixteen radiocarbon samples reveal a wide range of ages for each stratigraphic unit in
the Slick Grass trench (Table 1.1, Figure 1.4). None of the radiocarbon ages are older than
~5200 cal. yr B.P., which suggests mid-to-late Holocene ages for all trench units. Ages for
unit 3 range from ~2800 to ~300 cal. yr B.P. Ages for unit 4 range from ~5200 to ~1000 cal.
yr B.P. Ages for unit 6a are predominantly between ~1000 and ~700 cal. yr B.P. with one
sample between ~2000 and 2300 cal. yr B.P.
I also dated three samples from the Logger’s Road trench. All three samples are from
unit 2a and include one age between ~2000 and 1900 cal. yr B.P. and two ages between ~900
and ~700 cal. yr B.P.
Infrared Stimulated Luminescence Dating
I extracted four infrared stimulated luminescence (IRSL) tube samples from units 4
and 6a in the Slick Grass trench to further constrain the timing of deposition. IRSL dating is
advantageous because it avoids the recycling and contamination issues present in radiocarbon
dating. IRSL samples, however, are not immune from uncertainty because grains can be reset
if sufficiently heated in a wildfire, for example (Rhodes, 2011), which would result in ages
that are younger than the actual depositional age. I collected samples in two columns with
one sample in each column from units 4 and 6a (Table 1.2, Figure 1.4). I did not collect
samples from unit 3a due to the large grain size and poor sorting, which made insertion of a
sampling tube impossible. IRSL is used instead of OSL due to the abundance of potassium
feldspar and lack of quartz in the sampled sediments. I collected samples according to
guidelines established by the Utah State University Luminescence Lab (Rittenour, 2015) and
samples were analyzed at the U.S. Geological Survey Luminescence Dating Laboratory
according to procedures outlined by Millard and Maat (1994). IRSL dates are presented in
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the text and in Table 2 with 1-sigma error as received from the lab. IRSL dates are presented
with 2-sigma error in trench logs for comparison to radiocarbon dates.
IRSL ages from units 4 and 6a are distinctly different. IRSL dates from unit 4 indicate
burial ages of 1650 ± 140 and 1580 ± 80 years ago with low scatter, consistent with complete
bleaching (Table 1.2). IRSL dates from unit 6a above record burial ages of ~1040 ± 60 and
910 ± 60 years ago. An abnormally high scatter of equivalent dose values in sample SG-34OSL from unit 6a (Table 1.2) suggests this sample was only partially bleached before burial
and may carry some inherited radiation, making its true burial age younger than indicated.
Age reconciliation
Because IRSL dates are far less susceptible to contamination, I use IRSL dates, as
well as stratigraphic order, to determine the most plausible radiocarbon dates and generate
better constrained unit ages. As reflected in the IRSL ages, stratigraphic units should get
younger closer to the surface. By eliminating radiocarbon dates that do not agree with the
IRSL dates and/or do not follow stratigraphic order between units (but not within units
because internal stratigraphy is unknown), two age sequences are possible. If I assume the
old age from unit 3 is viable, the age of unit 3 is ~2700 cal. yr B.P., unit 4 is between ~2400
and 1000 cal. yr B.P., and unit 6 is between ~1000 and 700 cal. yr B.P. Alternatively, it is
within error for the ~1400 cal. yr B.P. age from unit 3 to be older than the unit 4 IRSL ages.
If I instead assume the ~1400 cal. yr B.P. age is accurate, the age of unit 3 is ~1400 cal. yr
B.P., unit 4 is between ~1400 and 1000 cal. yr B.P. and unit 6 is between ~1000 and 700 cal.
yr B.P. Given that the first sequence is consistent with more of the radiocarbon data (seven vs.
five dates), unit ages from the first sequence are more plausible.
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Ground Penetrating Radar Survey
Because the resistant saprolite limited the maximum depth of the Slick Grass trench, I
completed a ground penetrating radar (GPR) survey of the area around the trench in an effort
to image stratigraphy both at greater depth and distance across the hillside. Using a GSSI
Sub-surface Investigation Radar (SIR-3000) and 200 Mhz shielded antenna, I surveyed eight
50 m-long transects parallel to the trench and two perpendicular crossing lines (Figure 1.6
inset) and processed the surveys with assistance from William Stephenson at the U.S.
Geological Survey. I selected GPR for subsurface imaging because the saprolite should
produce a strong reflection due to its high clay content. The geometry of the saprolite surface
may be useful in understanding the formation of the Swakane lineament.
GPR data reveal a moderately clear reflector or change in the character of reflectivity
at a shallow depth beneath the surface (Figure 1.6; for all GPR data, see supplemental figure
S6). Reflectors closest to the surface tend to be more clearly defined but short and relatively
discontinuous (Figure 1.6). The character of reflectivity changes deeper below the surface,
where reflectors are more diffuse, longer wavelength, and often more continuous than above
(Figure 1.6). This interface is oriented parallel to and ~0.5-0.75 m below the ground surface
downslope of the bench, sub-horizontal where it intersects the bench, and parallel to but ~3-5
m below the surface upslope of the bench (Figure 1.6). Below ~5-7 m depth, signal ringing
and attenuation become too strong to confidently interpret reflectors. Near the location of the
bench in many of the profiles, there is a relatively continuous reflector that roughly parallels
the change in reflectivity. Fitting lines to the upslope and downslope portions of the change
in reflectivity and the continuous reflector reveals ~2.6-3.8 m of vertical separation of the
interface in profiles with the most well expressed reflectors (Figures 1.6C and D).

15

Scaling the Slick Grass trench log to the GPR profiles and overlaying the log on the
profiles reveals that the saprolite surface in the trench is roughly coincident with both the
continuous reflector and the change in reflectivity near the bench (Figures 1.6C and D). Clayrich material like a saprolite should produce a strong GPR reflection due to its high dielectric
permittivity but tends to attenuate the radar signal rapidly (Singh, 2005). This patterns is
similar to the relatively strong and continuous reflector followed by a more diffuse, lower
resolution signal below seen in many of the GPR profiles. Therefore, I interpret the change in
reflectivity and the continuous reflector to represent the surface of the saprolite.

Formation of the Swakane lineament and trench stratigraphy
Non-tectonic mechanisms
Without direct observation of a fault in the trench to explain the presence of the
Swakane lineament, it is possible the lineament is an erosive feature. Although the basinbounding strand of the Entiat fault has a prominent fault-line scarp due to juxtaposed rock
types, the strand studied here is entirely within the relatively homogeneous Swakane gneiss
(Figure 1.2), so differential erosion due to a change in rock strength on either side of the
lineament is unlikely. Foliation in the Swakane gneiss is sub-parallel to the studied strand
(Tabor et al., 1987a) and could erode preferentially. If this were the case, I would expect
pervasive foliation-parallel scarps throughout the Swakane gneiss, which are not present
(Figure S1). The fault zone itself could represent a narrow line of weakened rock that has
eroded out preferentially to form the lineament. An absence of bedrock exposure along the
lineament prevents confirmation or rejection of this possibility but the distinct lithologies of
the three colluviums, the abrupt contacts at the base of units 3 and 4, and the progressively
more concave shape of stratigraphically lower units are more consistent with multiple distinct
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periods of deposition into a repeatedly generated depression or accommodation space, rather
than steady infilling of a static hillside depression.
Mass wasting can also produce hillside scarps. A landslide head scarp is unlikely to
be linear for 5 km along the side of a hill, however, and the terrain below the scarp shows no
hummocky texture or evidence of instability near the valley bottom where one would expect
the failure plane of a deep-seated slide to daylight. A landslide headscarp on the northeast
side of Swakane Canyon should also be southwest-side down, rather than the observed
southwest-side-up. There are several landslides in the study area (Figure 1.3C), but the head
scarps are arcuate and relatively small (50-200 m wide) and the ground surface is clearly
disturbed and hummocky, not like below the Swakane lineament. The lineament’s location
cutting across the lower to middle portion of the hillside is not consistent with a sackung
scarp either (Savage and Varnes, 1976). Tree throw at the Slick Grass site could have
produced a depression into which colluvium was deposited. However, tree throw would not
have happened three times in the same place to allow for the deposition of three distinct
colluviums, it would not explain the presence of the lineament across the rest of the hillside,
and if a tree fell at the Slick Grass site, it should have left abundant wood and charcoal,
which was not observed. None of these alternatives adequately explains the nature of both
the scarp and the trench deposits.

Tectonic mechanisms
Although I did not find direct evidence of a fault at the Slick Grass site, deformation
due to blind faulting at depth could explain the lineament and trench stratigraphy. The
longitudinally extensive and southwest-side-up nature of the Swakane lineament is consistent
with deformation of the hillside from blind reverse faulting on the southern Entiat fault.
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Repeated southwest-side-up deformation of the hillside could also produce accommodation
space in the hillside where colluvium could be deposited. Three colluvial wedges (units 3, 4
and 6) with distinct lithologies suggests several distinct events of deposition into repeatedly
generated accommodation space. If units 3, 4 and 6 were not deposited into accommodation
space, I would instead expect tabular units of hillslope colluvium (Figure 1.4). Different
IRSL age populations for units 4 and 6 also imply deposition of those units in two separate
events (Table 1.2).
Stratigraphic units in the trench also appear deformed. The saprolite that forms the
basal unit is surface-parallel downslope of meter 4 on the trench log, but appears warped into
a convex hump at meter 4 and is subhorizontal upslope (Figure 1.4). Mottling in the saprolite
parallels the upper saprolite surface and is never truncated at the surface, which argues
against erosion of the saprolite to form its current geometry. The depositional fabric in units
3 and 4 appears warped similar to the underlying saprolite (Figure 1.4). The dip of the fabric
changes from dipping downslope in the northeast, as expected for a depositional fabric, to
sub-horizontal in the middle, to dipping upslope to the southwest (Figure 1.4). The upper
surface of units 3 and 4 are not planar, but rather also appear warped upwards at their
southwest ends (Figure 1.4). Although erosion could create a concave surface in colluvium,
units 3 and 4 do not appear reworked, and channelized flow sufficient to scour the colluvium
surface is unlikely to occur laterally across the hillslope at this site. The magnitude of
warping appears to increase for deeper, and presumably older, trench units (Figure 1.4),
consistent with several periods of deposition and deformation.
Folding caused by inferred blind faulting at depth could have deformed the surface of
the saprolite, forming a depression in the hillside into which the colluviums were later
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deposited. Each subsequent earthquake would create new accommodation space for
deposition of a new colluvial wedge and deform existing units, causing the greater
deformation in older units. The character of the lineament, surface geometry of the saprolite
and colluviums, and apparent deformation of depositional fabrics are consistent with a record
of earthquake-related deformation and deposition at the Slick Grass site.
Assuming earthquakes have occurred at the Slick Grass site, correlation of unit 5 with
upslope units bears on the number of earthquakes that have occurred. One interpretation is
that units 5 and 6 are correlative. Units 5 and 6 have a similar matrix composition and
consolidation, and have parallel depositional fabrics (Figure 1.4). The fabric in unit 5 also
appears to truncate the upslope-plunging fabric in the toe of unit 4, which indicates unit 5
was deposited on top of unit 4. If units 5 and 6 are correlative, trench stratigraphy implies
three distinct colluvial deposits and thus three earthquakes to generate successive
accommodation space. Alternatively, units 4 and 5 could be correlative. Units 4 and 5 are
similar in color and, given sufficient depositional time, I expect unit 4 colluvium to overlap
the edge of the accommodation space, as seen in unit 3. The surfaces of unit 3 and a
combined unit 4 and 5 have nearly identical vertical separations, which implies they would
have been deposited into the same accommodation space and deformed concurrently an equal
amount. In this alternative scenario, there are only two distinct colluvial wedges and thus
only two earthquakes.
Although both of the above correlations are possible, the truncation of fabric in the
southwest toe of unit 4, as well as the more similar matrix compositions and a very subtle
contact between units 5 and 6 most strongly imply correlation of units 5 and 6. Therefore, my
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preferred deformation sequence below assumes correlation of units 5 and 6. The deformation
sequence implied by correlation of unit 4 and 5 is also discussed.

Sequence of events at Slick Grass site
Trench stratigraphy in combination with IRSL and radiocarbon dating provide
evidence for up to three Holocene earthquakes, likely caused by rupture of a strand of the
southern Entiat fault. Using the radiocarbon ages consistent with IRSL ages and stratigraphic
order (Table 1.1), and grouping those ages by stratigraphic unit, I construct a depositional
model and calculate the age of past earthquakes in Oxcal 4.2.4 (Figure 1.7) (Bronk Ramsey,
2008; Bronk Ramsey, 2009; Reimer, 2013). Using Adobe Illustrator, I retrodeformed the
trench log to recreate the sequence of deformation and estimate the magnitude of
deformation for each earthquake (Figure 1.8). I retrodeformed the trench log in steps,
reconstructing a roughly planar surface for each colluvial wedge moving backwards in time,
and estimated the minimum amount of vertical separation needed to remove the apparent
deformation at each step (Figure 1.8). Uncertainties in vertical separation and unit geometry
are compounded for older trench units. Two possible event sequences are presented from
oldest to youngest (Figure 1.8). Retrodeformation of the preferred model, where units 5 and 6
are inferred to be correlative, suggests three Holocene earthquakes on the southern Entiat
fault (Figure 1.8, sequence 1). The alternative model, where instead units 4 and 5 are inferred
to be correlative, suggests only two Holocene earthquakes (Figure 1.8, sequence 2).
Preferred deformation sequence
The preferred sequence of earthquakes and deposition at the Slick Grass site begins
with formation of the saprolite (Figure 1.8, sequence 1). At some point prior to deposition of
the current hillslope stratigraphy and > 2700 cal. yr B.P., hillslope colluvium covered the
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saprolite (Figure 1.8, panel 1.1). This colluvium was then largely stripped except for a thin
lens (unit 2), leaving a bare saprolite surface onto which subsequent colluvium was deposited
(Figure 1.8, panel 1.2).
The antepenultimate earthquake (APE) vertically offset the saprolite a minimum of
~0.7 m and produced accommodation space in the hillside (Figure 1.8, panel 1.3). A
combination of seismic shaking and diffusive hillslope processes deposited colluvium in the
accommodation space and formed unit 3 (Figure 1.8, panel 1.4). Based on the thickness of
unit 3a, vertical separation of the saprolite may have been closer to 1 m. The largest clasts
were deposited first in the depression (unit 3a and 3b) while finer-grained material was
deposited over and downslope of the inferred fault (unit 3c and 3d). The only radiocarbon
age from unit 3 consistent with stratigraphic order provides a minimum depositional age for
unit 3 of ~2700 cal. yr B.P. Assuming the 2700 cal. yr B.P. date is not within a burrow or
otherwise contaminated, this date represents the minimum age for the APE.
I infer the penultimate earthquake (PE) on the southern Entiat fault enhanced the
existing fold from the APE (Figure 1.8, panel 1.5). The PE warped unit 3 and generated ~0.7
m of vertical separation, creating accommodation space into which unit 4 was deposited
(Figure 1.8, panel 1.6). The abrupt contact between units 3 and 4 suggests an intervening
period of subaerial erosion or non-deposition. Radiocarbon and IRSL ages bracket the PE
between 2745 and 2329 cal. yr B.P. In the preferred model, deposition of unit 4 never
completely filled the accommodation space, thus it does not extend downslope like unit 3.
(Figure 1.8, panel 1.6). If the older of the selected radiocarbon ages from unit 4 (~2378-2160
and 2308-2117 cal. yr B.P.) represent recycled charcoal, the remaining radiocarbon and IRSL
dates from units 3 and 4 bracket the PE between 2745 and 1610 cal. yr B.P. If the PE
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occurred as recently as 1610 cal. yr B.P., it leaves only ~460 years between the PE and most
recent earthquake (MRE), potentially insufficient time for unit 4 to fill the PE
accommodation space.
The MRE vertically offset units 3 and 4 by ~0.6 m, enhanced the existing fold (Figure
1.8, panel 1.7), and generated the accommodation space into which units 5 and 6 were
deposited (Figure 1.8, panel 1.8). Radiocarbon and IRSL dates of units 4 and 6 bracket the
MRE between 1151 and 922 cal. yr. B.P. Units 5 and 6 do not appear deformed or offset so it
is unlikely earthquakes have occurred on the southern Entiat fault in the past ~1000 yrs.
GPR data provides additional constraints on the longer-term deformational history at
the Slick Grass site. I interpret the vertical separation of reflectors in GPR data to represent
cumulative deformation of the saprolite from repeated earthquakes. Well-constrained
measurements of vertical separation of the saprolite surface range from 2.6-3.8 m (Figure
1.6), significantly greater than that of other trench units (Figure 1.8). Assuming ~0.7 m of
vertical separation per earthquake as suggested above (Figure 1.8, sequence 1), the Swakane
lineament could preserve cumulative offset from between four and six earthquakes since
formation of the saprolite.
Alternative deformation sequence
An alternative interpretation in which unit 5 represents a downslope extension of unit
4, reduces the interpreted number of past earthquakes but increases the magnitude of the
MRE (Figure 1.8, sequence 2). As in the preferred sequence, the saprolite formed with a
hillslope colluvium on top that was then stripped (Figure 1.8, panels 2.1-2.2). The oldest
earthquake generated a minimum of 0.7 m but likely closer to 1.3 m of vertical separation of
the saprolite surface based on the thickness of units 3 and 4 deposited on top (Figure 1.8,
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panels 2.3-2.5). Poor age constraint on unit 3 means this earthquake likely occurred at least
2700 cal. yr B.P. Unit 3 filled the accommodation space, followed by units 4 and 5 (Figure
1.8, panel 2.5). The relatively constant thickness of the combined units 4 and 5 is consistent
with their deposition as a blanket of hillslope colluvium on top of unit 3. As in the preferred
sequence, there is likely a period of non-deposition or subaerial erosion between deposition
of unit 3 and the combined unit 4 and 5 to produce the abrupt contact. The MRE then
occurred between 1151 and 922 cal. yr B.P. This alternative scenario results in ~1.1 m of
vertical separation of units 3, 4 and 5 during the MRE, ~0.5 m more than the MRE in the
preferred sequence (Figure 1.8, panel 2.6). Finally, unit 6 filled the MRE accommodation
space (Figure 1.8, panel 2.7).
Interpreting GPR results in the context of the alternative sequence also changes the
interpretation of the longer-term earthquake history at the Slick Grass site. Rough constraints
on vertical separation generated by the two earthquakes in the alternative sequence suggests
~1 m of vertical separation per earthquake. GPR-based separation of 2.6-3.8 m is the
equivalent to cumulative deformation from two to four earthquakes, fewer than the four to
six earthquakes suggested in the preferred sequence.

Trench Correlation
Correlation of stratigraphy between the Logger’s Road and Slick Grass trenches is
made difficult by how little of the stratigraphy at the Logger’s Road trench I was able to
expose. Units 1 and unit 2 in the Logger’s Road trench (Figure 1.7) are similar to units 3a
and unit 4 or 6 in the Slick Grass trench, respectively (Figure 1.4). Radiocarbon ages from
unit 2 in the Logger’s Road trench are most consistent with those from unit 6 in the Slick
Grass trench (Table 1.1). The tabular geometry and gradual lower contact of unit 2 in the
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Logger’s Road trench, however, suggests that either it was not deposited into accommodation
space formed by an earthquake or incomplete filling of the accommodation space has yet to
produce the wedge-shaped deposit expected for earthquake-related deposits (Figure 1.5). The
faint change in the dip of depositional fabric near meter 4 also has the opposite dip direction
expected for southwest-side-up deformation (Figure 1.5). The lack of obvious event-related
deposition and uncertain fabric deformation suggests that the MRE identified in the Slick
Grass trench may have only ruptured the southeastern-most portion of the fault. It is,
however, possible that the trench was not positioned far enough uphill and could have missed
evidence of deformation or more distinctive event-related deposition. Lack of exposed
stratigraphy prevents me from ruling out the possibility that an earlier event could have
ruptured a larger portion of the southern Entiat fault.

Discussion
Implications for regional seismic hazard and fault reactivation
Interpretation of trenching and GPR results indicates a history of Holocene
earthquakes on the southern Entiat fault that pose a seismic hazard to the central eastern
Cascades. At least two earthquakes have ruptured the southern Entiat fault over the last 2500
years and between three and six earthquakes have occurred since formation of the saprolite,
based on maximum vertical separation of the saprolite surface. The PE occurred between
2745 and 1610 cal. yr B.P. and generated 0.7 m vertical separation of the ground surface
followed by the MRE between 1151 and 922 cal. yr B.P. that generated 0.6 m of vertical
separation (Figure 1.8).
Earthquakes identified in this study were most likely generated by slip on a reverse
fault at depth. Although three-point problems along the Swakane lineament indicate a
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structure that dips steeply both northeast and southwest, and thus both reverse and normal
slip (Figure 1.3A), the primary basin-bounding Entiat fault is believed to dip steeply (~75°)
to the southwest (Tabor et al., 1987a). Considering the Entiat fault’s long and complex slip
history, which includes significant strike-slip motion (Gresens et al., 1981; Johnson, 1985;
Evans, 1994; Cheney and Hayman, 2009), it is possible that the strand of the southern Entiat
fault examined in this study represents a fault splay or element of a flower structure with a
variable dip direction. Such a splay structure would tie into the primary southwest-dipping
fault at depth and accommodate north-south shortening with reverse and dextral motion.
Given a rupture length equal to the length of the Swakane lineament (~5 km), this structure is
capable of producing a M5.9 earthquake (Wells and Coppersmith, 1994). If each earthquake
generates ~0.7 m of vertical separation (Figure 1.8), and slip begins on a fault dipping 75°
southwest, net slip per earthquake is also ~0.7 m. Average slip of this magnitude corresponds
to a M6.8 earthquake (Wells and Coppersmith, 1994).
A recent seismic study provides an alternative structural context for the Swakane
lineament. Precise hypocenter locations of earthquakes in the Entiat-Chelan seismic swarm
(Figure 1.1) appear to define a roughly planar surface that dips 15-20° to the southwest,
interpreted as a blind thrust fault (Crosson and Creager, 2003). The Swakane lineament may
instead be interpreted as a splay off that master fault, intersecting it at ~12-15 km depth.
Active north-south shortening north of the Yakima folds has significant implications
for the reactivation of bedrock faults in the eastern Cascades. Holocene earthquake activity
along the southern Entiat fault suggests that reactivation of the rest of the Entiat fault is
possible. Additional scarps are visible in lidar along the Entiat fault northwest of Swakane
Canyon (Figure S1) but a lack of Quaternary deposits and the location of these scarps along
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the basin-bounding fault prevents verification of whether these scarps represent Holocene
offsets or an inactive fault line scarp without subsurface investigation. If these scarps
represent Holocene reactivation of more of the Entiat fault, rupture of the full ~200 km
length could produce a M7.8 earthquake (Wells and Coppersmith, 1994). The Entiat fault,
however, is just one of many north- to northwest-trending bedrock faults such as the
Leavenworth, Ross Lake and Pasayten faults (Figure 1.1) that could accommodate northsouth shortening with a combination of reverse and dextral strike-slip motion. GPS geodesy
suggests that north-south shortening occurs throughout the eastern Cascade range
(McCaffrey et al., 2016) and could therefore be taken up by faults in this region. If even
some of these structures are being reactivated in the modern stress regime, it could
significantly increase the seismic hazard in the eastern Cascades region.

Subdued expression of slow, distributed deformation in mountainous environments
This study illustrates challenges in identifying surface deformation in mountainous
areas characterized by low strain rates over a broad area. Interpretation of trench stratigraphy
and GPR data suggest several earthquakes have ruptured the southern Entiat fault with a
cumulative ~1.3 m of vertical separation during the Holocene and up to 3.8 m since
formation of the saprolite (Figures 1.6 and 1.8). Yet the only surficial clue of these
earthquakes is a subdued topographic bench visible in lidar imagery. Even analysis of stream
channels that cross the Entiat fault, a method that has proven useful in identifying active
structures in slow strain environments (e.g. Marliyani et al., 2016), did not reveal a clear
signal of differential uplift in Swakane Canyon (see Chapter 2). Since only 2-3 mm/yr of
north-south shortening is accommodated in the eastern Cascade range (McCaffrey et al.,
2016), individual structures require a long time to accumulate sufficient strain to rupture.
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Long recurrence intervals and small vertical separation mean geomorphic evidence of
earthquakes may not stand out or persist in an erosive, mountainous landscape. The
pronounced fault-line scarps and uncommon Quaternary deposits along many of the faults in
the northeastern Cascades make it challenging to determine whether these potentially
seismogenic structures are active. Therefore, although new evidence suggests the region is
more seismically active than previously thought, identifying which structures besides the
southern Entiat fault are active will require additional research using a combination of
geomorphic and geophysical tools.

Conclusions
New observations from mapping and paleoseismic trenching in Swakane Canyon
northwest of Wenatchee, WA reveal a southwest-side-up topographic lineament and
deformed subsurface stratigraphy consistent with folding above a Holocene rupture along the
southern Entiat fault. Previously mapped as an oblique-normal fault last active in the
Miocene, the southern Entiat fault is interpreted to have been reactivated in the current northsouth shortening regime. Interpretation of stratigraphic evidence at the Slick Grass trench site
indicates at least three Holocene earthquakes. Interpretation of GPR data suggests subsurface
deformation consistent with as many as three additional earthquakes. Estimates of earthquake
magnitudes range from M5.9 based on a ~5 km rupture length, to M6.8 based on an average
slip of 0.7 m. Reactivation of the southern Entiat fault also introduces the possibility that
other bedrock faults in the eastern Cascades represent active seismic sources. Low strain
rates distributed over a broad mountainous area likely result in little slip accumulation on
individual structures and a subdued geomorphic expression that is quickly eroded or
obscured, making it difficult to identify which structures are active without subsurface
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analysis. Collection of additional high-resolution lidar data is critical for further active
tectonic analysis of the rest of the Entiat fault as well as other major bedrock faults in the
eastern Cascades.
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Chapter 1 Tables
Table 1.1. Radiocarbon ages

Location

Sample
Number

LLNL ID#

Sample
Material

Unit

d13C (a)

Slick Grass
Results consistent with stratigraphy(d)
Trench
Charcoal
SG-23B
174979
3a
-21.4
from bulk
SG-18A

174975

SG-25B

173336

SG-25C

174980

SG-26B

174981

SG-28B

173337

SG-29A

174983

Charcoal
Charcoal
from bulk
Charcoal
from bulk
Charcoal
from bulk
Charcoal
Charcoal

AMS
Calibrated
radiocarbon radiocarbon age(c)
age(b) (yr BP)
(cal yr B.P.)

2595 ± 25

2719-2760

Minimum constraint on APE and
maximum constraint on PE.

2160-2171 + 21762247 + 2301-2378

Maximum constraint on PE.

4

-22.6

2310 ± 35

4

-22.7

2175 ± 25

4

-24.0

1160 ± 25

6a

-22.6

905 ± 35

6a

-22.7

6a

Interpretation

2117-2210 + 2224Maximum constraint on PE.
2308
986-1032 + 1048- Minimum constraint on PE and
1176
maximum constraint on MRE.
742-916

Minimum constraint on MRE

955 ± 25

796-928

Minimum constraint on MRE

-23.6

995 ± 25

800-814 + 826865, 901-963

Minimum constraint on MRE

Results inconsistent with stratigraphy

Logger's
Road Trench

Too young. Sample is burrowed
or contaminated from young root
material from bulk sample.
Too young. Sample is burrowed
729-833 + 846or contaminated from young root
908
material from bulk sample.
Too young. Sample is burrowed
1305-1415 + 1465or contaminated from young root
1476
material from bulk sample.

SG-22A

174977

Charcoal
from bulk

3a

-22.9

340 ± 25

SG-23A

174978

Charcoal
from bulk

3a

-23.0

880 ± 30

SG-23C

175835

Charcoal
from bulk

3a

-25.0

1485 ± 30

SG-03A

174973

Charcoal

4

-22.9

2690 ± 25

2755-2846

Too old. Sample is recycled.

SG-08A

174974

Charcoal
from bulk

4

-22.4

4315 ± 25

4837-4893 + 48984960

Too old. Sample is recycled.

SG-19A

174976

Charcoal

4

-22.8

3605 ± 30

3838-3982

Too old. Sample is recycled.

SG-30A

174984

SG-30B

175836

SG-26C

174982

LR-01A

Charcoal
from bulk
Charcoal
from bulk

313-478

4861-4979 + 50105036
4860-5050 + 51945213

4

-21.5

4375 ± 25

4

-25.0

4395 ± 35

Charcoal
from bulk

6a

-21.4

2145 ± 30

2007-2024 + 20382181 + 2239-2304

173338

Charcoal

2a

-24.0

880 ± 25

730-831 + 855905

LR-3.1A

174985

Charcoal

2a

-23.3

1970 ± 25

1872-1989

LR-3.2A

174986

Charcoal

2a

-23.3

840 ± 25

694-790

Too old. Sample is recycled.
Too old. Sample is recycled.
Too old. Sample is recycled.

a) d13C values are assumed values according to Stuiver and Polach (Radiocarbon, v. 19, p.355, 1977) without decimals. Values measured
for the material itself are given with a single decimal place.
b) Quoted radiocabon age is in radiocarbon years using Libby half life of 5568 yrs, following the conventions of Stuiver and Polach (1977).
c) Radiocarbon ages calibrated using Oxcal v4.2.4 software (Bronk Ramsey, 2013) using the IntCal13 atmospheric CO2 calibration curve
(Reimer et al., 2013) and reported with 2-sigma error.
(d) Dates selected as consistent with stratigraphy represent a sequence of ages that get steadily younger in stratigraphically higher units and
agree with IRSL ages from the same units.
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Table 1.2. IRSL ages
% Water
U
Sample
Unit
K (%)b
information
contenta
(ppm)b

Th
(ppm)b

Total Dose
(Gy/ka)c

Equivalent
Dose (Gy)

nd

Scattere

Age (yrs)f,g

SG-31-IRSL

4

7 (47)

2.14 ±
0.04

1.80 ±
0.19

6.59 ±
0.28

3.89 ± 0.11

6.24 ± 0.15

19 (20)

3%

1580 ± 80

SG-32-IRSL

6a

11 (56)

2.35 ±
0.06

1.68 ±
0.21

6.60 ±
0.55

3.93 ± 0.18

3.77 ± 0.19

17 (20)

18%

910 ± 60

SG-33-IRSL

4

15 (51)

2.32 ±
0.11

1.96 ±
0.26

7.09 ±
0.51

4.14 ± 0.18

6.82 ± 0.39

10 (10)

13%

1,650 ± 140

SG-34-IRSL

6a

16 (59)

2.38 ±
0.05

1.70 ±
0.19

6.56 ±
0.33

3.92 ± 0.11

4.10 ± 0.21

20 (21)

52%

1,040 ± 60

Comments

Burial age for unit 4. Maximum
constraint on PE. Minimum
constraint on MRE
Burial age for unit 6. Maximum
constraint on MRE.
Burial age for unit 4. Maximum
constraint on PE. Minimum
constraint on MRE.
Burial age for unit 6. Maximum
constraint on MRE.

a) Field moisture, figures in parentheses indicate complete sample saturation %. Ages calculated using 30% of saturated moisture (i.e. 0 (15) = 15 * 0.30 = 4.5).
b) Analyses obtained using high-resolution gamma spectrometry (Ge detector).
c) Includes cosmic doses and attenuation with depth calculated using the methods of Prescott and Hutton (1994). Cosmic doses were approximately 0.23 Gy/ka.
d) Number of replicated equivalent dose (De) estimates used to calculate the total De. Figures in parentheses indicate total number of measurements
included in calculating the represented De and age using the central age model (CAM) on single aliquot regeneration.
e) Defined as "over-dispersion" of the De values. Obtained by the "R" factor program (radial plot). Values >35% are considered to be poorly bleached sediments.
f) Dose rate and age for fine-grained 250-150 microns K-feldspar, post IR230C; no fade correction indicated. Exponential + linear fit used on De.
g) Ages reported using the weighted mean age model and 1-sigma error.
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Chapter 1 Figures

Figure 1.1. Tectonic elements of Washington State on a DEM base map. Arrows and
accompanying values indicate the magnitude of shortening east and west of the Cascades as
measured by horizontal GPS surface velocities (McCaffrey et al., 2013; McCaffrey et al.,
2016). Gray lines mark Quaternary active faults from the U.S. Geological Survey Quaternary
fault database (U.S. Geological Survey et al., 2006) including those in the Yakima folds and
the Wallula fault zone (WFZ), while black lines represent large bedrock faults not known to
be active including the Entiat Fault (EF), Eagle Creek Fault (ECF), Leavenworth Fault (LF),
Straight Creek Fault (SCF), Ross Lake Fault Zone (RLFZ) and Pasayten Fault (PF). Dots
show location and size of earthquakes (>M3.0) in WA since 1969 from the Pacific Northwest
Seismic Network (https://www.pnsn.org/earthquakes/recent/list) and the largest crustal
earthquake in Washington (1872 M6.8). White box shows location of figure 1.2.
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Figure 1.2. Geologic map of the region between Wenatchee and Chelan, WA (Tabor et al.,
1987a) draped over a hillshade. Bar and ball indicate the hanging wall of normal faults and
teeth point towards the hanging wall of reverse faults. The Swakane lineament and the
recently identified Spencer Canyon fault (Sherrod et al., 2014) are labeled.
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Figure 1.3. Slope map of the Swakane Canyon lineament (A) with the locations of Slick
Grass (SG) and Logger’s Road (LR) trenches shown. Colored dots indicate dip direction as
calculated from three-point problems. Yellow lines show location of topographic profiles
across the lineament in (B). Numbers on profiles indicate vertical separation of the ground
surface calculated using the method of Thompson et al. (2002). (C) Detailed geomorphic
map of Swakane lineament and surrounding area.

Figure 1.4 (next page). Simplified log of the Slick Grass trench across the Swakane
lineament. Log was constructed using a hand drawn field log for unit boundaries and major
clasts and a photomosaic of the trench wall to add detail. All ages are reported with 2-sigma
error (See supplemental figures S2 and S3 for 1:10 scale detailed trench logs and original
field logs with photomosaics, respectively).
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Figure 1.5. Simplified log of the Logger’s Road trench across the Swakane lineament. Digital
log was constructed from paper logs drawn in the field. Radiocarbon ages are presented with
2-sigma error (See supplemental figures S4 and S5 1:10 scale detailed trench log and the
original field log).
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Figure 1.6. Uninterpreted (A and B) and interpreted (C and D) GPR profiles across the
Swakane lineament and parallel to the Slick Grass trench using a 200 Mhz antenna. Line 019
is immediately adjacent to the trench while line 007 is ~20 m northwest of the trench (see
inset map). The vertical axis is depth and the horizontal axis is horizontal distance along the
slope. Vertical exaggeration is 2x. Dashed black lines mark where the bench is located. Solid
blue line marks the surface of the saprolite as projected from the trench logs. The dashed blue
lines mark inferred location of the saprolite surface based on reflectors in the GPR profile.
Dashed green lines mark the average surface above and below the lineament and are used to
estimate vertical separation. Lines 019 and 007 represent the minimum and maximum
vertical separation shown in GPR profiles with a clear reflector (See supplemental figure S6
for all uninterpreted and interpreted profiles). White and black dashed line marks the lower
limit of GPR resolution.
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Figure 1.7. Preferred model generated by OxCal 4.2.4 (Bronk Ramsey, 2013) of timing
constraints on the antepenultimate (APE), penultimate (PE) and most recent (MRE)
earthquakes at the Slick Grass site along the southern Entiat Fault. Ages are listed in
stratigraphic order between units but not within unit because internal unit stratigraphy is
unknown. Prior probability ages are defined by calibrated radiocarbon and IRSL ages while
modeled ages are calculated by the OxCal analysis. APE age has only a minimum constraint.
Young boundary of the model is defined by the lack of observed surface-rupturing
earthquakes in the study area since the 1872 earthquake. All ages are reported with 2σ error.
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Figure 1.8. Proposed deformation sequences of stratigraphy in the Slick Grass trench created
by retrodeforming the trench log in figure 1.5. Uncertainty is compounded with older
retrodeformation steps. Sequence 1 represents the preferred deformation sequence, which
assumes units 5 and 6 are correlative. Sequence 2 represents an alternative deformation
sequence, which assumes units 4 and 5 are correlative. Vertical separation estimates for each
unit are based on a projection of the downslope unit surface and the lowest portion of the
upslope unit surface.

38

CHAPTER 2: STREAM CHANNEL RESPONSE TO DEFORMATION
AND ENVIRONMENTAL CHANGE IN THE EASTERN CASCADES,
WA
Introduction
Regions with broadly distributed, low-to-moderate strain rates pose challenges for
understanding the distribution and magnitude of deformation and associated seismic hazard.
Several known structures exist in the eastern Cascades of Washington State that could
accommodate the geodetically observed shortening as some combination of folding and
reverse-dextral slip (Figure 2.1). North-south shortening in the eastern Cascades occurs at a
rate of 2-3 mm/yr across a broad area, leading to slow deformation on individual structures
and likely long earthquake recurrence intervals. Relatively small to moderate individual fault
offsets and long recurrence intervals mean the geomorphic expression of surface ruptures is
subtle, and easily eroded from the landscape. The fact that much of the shortening occurs in
mountainous terrain with few Quaternary deposits makes identifying Holocene earthquake
activity even more challenging. If regional uplift or folding accommodates shortening,
locating active structures may be even more difficult. Therefore, other less direct techniques
become useful for identifying zones of differential uplift and associated seismic hazard (e g.
Marliyani et al., 2016).
In this chapter, I use patterns in stream channel steepness and knickpoint distribution
to look for evidence of both local and regional uplift. My analysis includes Swakane Creek
and its many tributaries (Figure 2.2) in an effort to determine whether local channels are
responding to faulting proposed across the southern Entiat fault in Swakane Canyon (see
Chapter 1). I also analyze larger regional channels including the Entiat River and its many
tributaries, as well as channels near Entiat that drain directly to the Columbia River (Figure
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2.3), the base level for all regional channels. Analysis of channels and knickpoints in the
broader region may help identify zones of uplift or folding or may reveal additional active
structures not visible in low-resolution digital elevation models where lidar data are not
available. Results from regional channel analysis may help further elucidate how shortening
is accommodated in the eastern Cascades.

Background & Methods
In order to investigate the possibility of active deformation in the central eastern
Cascades, I examine stream channels for evidence of differential uplift and landscape
adjustment. As first recognized by Hack (1957), most channel profiles can be described by
the power-law relationship between slope (S) and upstream drainage area (A),
S = ksA-θ
where ks is the channel steepness index, which is a function of rock uplift and erosion, and θ
is the concavity index. This relationship only holds in channels above a threshold drainage
area of 0.1-1 km2, as channels below this threshold are dominated by debris flows and do not
respond to uplift or other factors in the same manner as fluvial channels (Montgomery and
Foufoula-Georgiou, 1993). My analysis also relies on a fixed reference channel concavity of
0.45, resulting in the relationship
S = ksnA-0.45
where ksn is the normalized channel steepness index. I utilize a fixed concavity because
concavity varies little compared to channel steepness (Whipple, 2004). I examine changes in
channel steepness because previous studies have shown that bedrock stream channels
respond to spatial and temporal changes in tectonic uplift at both local and regional scales
(Whipple and Tucker, 1999; Kirby and Whipple, 2001; DiBiase et al., 2015), and are thus
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useful for identifying and quantifying active deformation in mountainous terrain. If
differential uplift is occurring, I expect steeper channels in zones of faster uplift as channels
increase erosion rates to compensate for uplift (Whipple and Tucker, 1999; DiBiase et al.,
2012). Increases in channel steepness may be diffuse, e.g., in response to growth of a fold
where channels would be steepest near the core of the fold, or sharp, e.g., if channels cross an
active fault.
I also use the location and distribution of knickpoints to try to identify areas of
differential uplift. Knickpoints are convexities in typically concave-up channel profiles
(Crosby and Whipple, 2006) and are identified as a distinct increase in slope values on slopearea plots (Figure 2.4) (Kirby and Whipple, 2012). While some knickpoints are anchored by
active faults or lithologic contacts, others migrate upstream, progressively re-equilibrating
the full channel to a new uplift or erosion rate (Whipple et al., 2013). Migrating knickpoints
generated by the same change in forcing should exist at roughly the same elevation (Wobus
et al., 2006). Knickpoints are further classified as either vertical-step or slope-break
knickpoints (Haviv et al., 2010) (Figure 2.4). Vertical-step knickpoints mark a local increase
in slope (Figure 2.4A) identifiable in slope-area plots as a temporary spike in channel
gradient (Figure 2.4B) (Whipple et al., 2013). Fixed vertical-step knickpoints are likely
caused by a local decrease in bed erodibility, while mobile vertical-step knickpoints may
indicate a drop in base level due to sea level change or a past pulse of uplift, for example
(Crosby and Whipple, 2006; Wobus et al., 2006). Slope-break knickpoints, in contrast,
separate a gentle upstream channel reach from a consistently steeper downstream reach
(Figure 2.4C), identifiable in slope-area plots as a persistent increase in channel gradient
relative to drainage area (Figure 2.4D) (Whipple et al., 2013). A fixed slope-break knickpoint

41

should coincide with a change in rock type (Duvall et al., 2004) or an active fault (Whipple et
al., 2013), while a mobile slope-break knickpoint likely indicates a persistent change in
regional forcing such as ongoing base level fall or climate change (Whipple and Tucker,
1999; DiBiase et al., 2015). Because of the different processes responsible for the generation
of slope-break and vertical-step knickpoints, I consider their distributions separately.
I utilize slope-break knickpoints to estimate the magnitude of incision caused by
relative base level change. Knickpoints represent a dividing point between a downstream
channel adjusted to new conditions (uplift, climate, etc.) and an upstream channel that
represents conditions prior to adjustment, also known as a relict channel (Figure 2.4C)
(Schoenbohm et al., 2004). Following Clark et al. (2005), I project the relict channel from the
knickpoint, downstream to the channel mouth. The difference in elevation between the mouth
of the actual channel and the projected relict channel is a rough estimate of downstream
incision. I then use incision estimates and proposed erosion rates to consider the timing of
uplift or Columbia River base level drop that generated the knickpoint.
In addition to uplift, I consider the influence of alpine glaciation, regional base level
fall, and rock type on channel steepness and knickpoint distribution to determine the
contribution of uplift, if any. Alpine glaciation excavates valleys and leaves hanging tributary
channels that drop steeply to the trunk valley floor, leaving knickpoints that correspond to the
base level drop (e.g. Menzies, 2002). A drop in regional base level, possibly caused by
incision of the Columbia River, should generate a wave of migrating vertical-step
knickpoints at the same elevation corresponding to each base level drop (Wobus et al., 2006).
Finally, changes in rock type could influence channel steepness with more resistant rock
types theoretically hosting steeper channels (Duvall et al., 2004).
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I use a tool developed by Whipple et al. (2007) that combines ArcGIS and Matlab to
quantify normalized channel steepness (ksn) and characterize channel profiles in two study
areas. The first encompasses Swakane Creek and tributaries in Swakane Canyon to examine
local-scale changes in channel steepness across an inferred-active fault (Figure 2.2). Channel
analysis relies on the same1 m pixel lidar data used in Chapter 1, and a minimum drainage
area of 0.1 km2 to include all channels above the lowest critical drainage area as defined by
Montgomery and Foufoula-Georgiou (1993). I calculate channel steepness for each 100 m
reach. The second study area examines Entiat River tributaries and Columbia River
tributaries near the mouth of the Entiat River to study the impact of regional-scale changes in
uplift, climate and base level fall (Figure 2.3). I selected only bedrock channels based on
published geologic mapping (Tabor et al., 1987a). I also limited my analysis to tributaries
that intersect the Entiat River downstream of the equilibrium line altitude of glaciers in the
eastern Cascades during the last glacial maximum (LGM) (Porter, 1989). Upstream, glacial
erosional features dominate the landscape and potentially overprint the signal of more subtle
slow deformation. Limited lidar coverage required that the regional channel analysis use an
unsmoothed 10 m DEM from the U.S. Geological Survey
(http://gis.ess.washington.edu/data/raster/tenmeter/byquad/index.html) and a minimum
drainage area of 1 km2 to define each channel. Channel steepness is calculated for each 500
m channel reach.

Swakane Canyon Channels
Results
A channel profile of the main stem of Swakane Creek reveals a prominent knickpoint
halfway up the canyon, below which the channel becomes significantly steeper compared to
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upstream (Figure 2.2B). Slope-area plots of Swakane Creek reveal that normalized channel
steepness is persistently steeper downstream of the knickpoint (Figure 2.2C), which is
consistent with a slope-break knickpoint rather than a vertical-step knickpoint as defined by
Haviv et al. (2010).
Upstream of the prominent knickpoint, upper canyon tributaries have an average ksn
value of 73 (Figure 2.2A). Channels that cross the lineament tend to be steeper upslope of the
lineament and are gentler near and downstream of it (Figure 2.2A). Channels with a large
drop in steepness near the lineament (e.g. Figure 2.2D) have a roughly linear channel profile
in the upper steep reach and a distinctly concave-up channel profile in the lower gentle reach
(Figure 2.2D). The linear channel reach corresponds to a slope-invariant section of channel
on slope-area plots while the concave-up channel profile corresponds to a slope that
decreases as drainage area increases (Figure 2.2E). The smallest channels, particularly those
highest in the canyon, tend to have roughly linear profiles (e.g. Figure 2.2F) and be slopeinvariant throughout on slope-area plots (e.g. Figure 2.2G). All of the upper canyon channels
have maximum drainage areas of < 1 km2. Knickpoints are absent except where the transition
from a flat to a concave-up profile is significant enough to form a convexity (e.g. Figure
2.2D).
Downstream of the knickpoint in Swakane Creek, the main stem of Swakane Creek
and lower canyon tributary channels are steeper than those upstream (Figure 2.2A). Channels
in the lower canyon have an average ksn value of 115, ~58% steeper than upper canyon
tributaries. Lower canyon tributaries have maximum drainage areas of ~5 km2. Slope-area
plots show that although some lower canyon channels have small slope-invariant zones near
the channel head, all channels show concave-up profiles, and gradient decreases as drainage
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area increases. I identified six slope-break knickpoints located downstream of the linear-toconcave-up channel profile transition (Figure 2.2A, for channel profiles and slope-area plots
for each lower canyon channel with a knickpoint see supplemental figure S7). Knickpoints
do not correspond with mapped faults or bedrock heterogeneities that could locally impact
rock strength. All knickpoints have an upstream drainage area of ~1 km2.

Interpretation of Upper Canyon results
Channel steepness patterns in channels that cross the Swakane lineament may help
confirm whether or not the lineament represents an active fault. Channels typically respond
to uplift by increasing their gradient to increase erosion and keep pace with uplift (Whipple
and Tucker, 1999; DiBiase et al., 2012). However, stream channels are systematically steeper
northeast of the Entiat fault than they are to the southwest (Figure 2.2A). This pattern is the
opposite of what is expected for the southwest-side-up deformation I infer for the southern
Entiat fault (see Chapter 1). There are a few possible explanations for the observed steepness
pattern. Field observations reveal that channels are ephemeral and are choked with debris.
Hillslope erosion and debris flow deposition may mask the signal of relatively slow
differential uplift that would produce knickpoints or offset in channels. Alternatively,
southwest-side-up faulting could be raising the base level of upper canyon tributary channels,
reducing valley relief and channel steepness southwest of the lineament. Finally, channels
may simply be too small to express differential uplift. All channels that cross the Entiat fault
have maximum drainage areas of <1 km2 and slope-area plots that show tributaries are slopeinvariant with respect to increasing drainage area for at least half of their length (e.g. Figures
2.2E and G), indicating channels are too small for channel steepness calculations to be valid
(Montgomery and Foufoula-Georgiou, 1993; Sklar and Dietrich, 1998). Regardless, stream
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channels do not appear to capture the signal of ongoing differential uplift suggested by
paleoseismic trenching in Swakane Canyon.

Interpretation of Lower Canyon results
The significant increase in channel steepness for tributaries downstream of the
knickpoint indicates that these channels may be responding to a regional change in boundary
conditions. Investigation of lidar imagery around the canyon knickpoint reveals no ground
surface offset or other geomorphic evidence of faulting and the knickpoint is not located on a
lithologic contact or previously mapped fault (Tabor et al., 1987a), which suggests the
knickpoint is not the result of a local change in uplift rates or rock strength. It is more likely
the knickpoint formed due to a regional change, such as base level fall or regional uplift, and
has migrated upstream (Haviv et al., 2010; Whipple et al., 2013). As the knickpoint migrated
upstream, the base level of each tributary dropped, which caused tributary steepness to
increase and formed the knickpoints seen in lower canyon tributaries. Because knickpoints
appear to be stalled at the threshold drainage area of ~1 km2 (e.g. Crosby and Whipple, 2006),
I cannot use their locations to confirm or refute the idea of knickpoint migration. If the
canyon knickpoint has migrated upstream, there could be a component of broader regional
uplift or base level fall in the study area in addition to the local faulting identified along the
southern Entiat fault and Spencer Canyon fault

Regional Channel Results
Channel Steepness and Morphology
I first divide channels into different regions to try and isolate the impacts of regional
glaciation and Columbia River incision on regional tributaries (Figure 2.3). The glaciated
zone includes all Entiat River tributaries affected by glacial erosion in the Entiat valley
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(Figure 2.3). Although alpine glaciation during the last glacial maximum (LGM) (S. C.
Porter, unpublished data in Mitchell and Montgomery, 2006) reached its maximum extent
near Ardenvoir, WA (Figure 2.3), the toe of a glacier does not accomplish significant erosion.
I use features of the Entiat River channel profile to establish the zone affected by glacial
erosion, or “glaciated zone” (Figure 2.3). The Entiat River contains a significant convexity
~52 km upstream of the river mouth followed downstream by a broad flat section (Figure
2.5). This is interpreted as a glacial overdeepening, a deeply incised portion of the valley
floor commonly found near the terminus of alpine glacier caused by instabilities beneath the
glacier that over time erode downward and headward (Hooke, 1991; MacGregor et al., 2000;
Brocklehurst and Whipple, 2007). The downstream end of the overdeepening is ~30 km from
the mouth of the Entiat River and marks the downstream end of the glaciated zone (Figure
2.5). Tributary channels are steepest in the glaciated part of the valley, with a ksn of ~210
(Figure 2.6A). The unglaciated zone includes all tributaries to the Entiat River that join the
Entiat River downstream of the glaciated zone and the Columbia River tributaries zone
includes all the channels near the Entiat River mouth that drain directly to the Columbia
River. Channels in the unglaciated zone and Columbia River tributaries are both significantly
less steep than channels in the glaciated zone with median ksn values of ~120 and ~140,
respectively (Figure 2.6A).
I also compared normalized steepness of channels wholly within a single rock type.
Channels hosted in the quartz diorite are steeper than others with a median ksn of ~210
(Figure 2.6B). Channel steepness values in the other four common rock types overlap
significantly (Figure 2.6B). In the unglaciated zone, the Entiat River serves as a boundary
between Eocene plutonic rock (tonalite and migmatite) to the northeast and pre-Tertiary
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metamorphic rock (gneiss and schist) to the southwest (Figure 2.7). Because channel
steepness appears different on either side of the Entiat River (Figure 2.7), I grouped ksn
values for the metamorphic (Swakane block) and plutonic (Entiat block) regions (Figure
2.6C). Grouping of rock types reveals that the median ksn values for channels in the Swakane
block are ~30% greater than for channels in the Entiat block. Further categorizing channels
by both rock type block and channel region shows the same pattern, with Swakane block
channels steeper than Entiat block channels in the same geographic regions (Figure 2.6D).

Knickpoints
Analysis of slope-area plots and channel long profiles reveals 15 slope-break
knickpoints in the study area (Figures 2.3 and 2.7). Slope-break knickpoints exist at high
elevations with all but two located between 800 and 1500 m (Figure 2.8A). Slope-break
knickpoints tend to be present far from the Columbia River and high in their respective
channels, on average ~70% of the way up the length of the tributary (Figures 2.8B and 2.8C).
Nearly all of the slope-break knickpoints are located in a roughly north-northwest trending
band that cuts through all three channel zones and across geologic units (Figures 2.3 and 2.7).
This band of slope-break knickpoints, however, does not coincide with any known geologic
structure (Figure 2.7). The break in slope that defines the slope-break knickpoint indicates an
average ~86% increase in channel steepness downstream of the knickpoint (Figure 2.9A).
Slope-area plots and channel long profiles also reveal 20 vertical-step knickpoints in
the study area (Figures 2.3 and 2.7). Vertical-step knickpoints are located at lower elevations
than slope-break knickpoints, with all but two located between 200 and 1000 m (Figure
2.8A). Vertical-step knickpoints are also commonly located closer to the Columbia River and
at or near the mouth of their channel, with roughly two thirds of them less than 30%
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upstream of the mouth (Figure 2.8B and 2.8C). The vertical drop across these knickpoints
ranges from 12 to 305 m with a median of 76 m (Figure 2.9B).
I also compared the distribution of knickpoints in the glaciated, unglaciated and
Columbia River tributary regions of the study area to further analyze the forces behind
knickpoint generation. Knickpoints in the glaciated region tend to be located at high
elevations (Figures 2.8D), likely because the glaciated zone is located high in the basin
(Figure 2.3). Vertical-step knickpoints in the glaciated region also tend to be located close to
the mouth of their respective tributary (Figure 2.8F). Knickpoints in the unglaciated region
are consistently located at higher elevations (Figure 2.8D) and have migrated further from the
Columbia River (Figure 2.8E) than knickpoints in Columbia River tributaries. However,
Columbia River tributaries are short compared to most Entiat River tributaries so knickpoints
in Columbia River tributaries tend to be located closer to the top of their respective channel
(Figure 2.8F). There is high variability in the magnitude of steepness change across slopebreak knickpoints in all regions (Figure 2.9A). The elevation change across vertical-step
knickpoints, however, is appreciably different between regions. Vertical-step knickpoints in
the glaciated region have the largest elevation change (median ~225 m), followed by the
unglaciated region (median ~75 m) and Columbia River tributaries (median ~50 m) (Figure
2.9B). The magnitude of vertical-step knickpoints in the unglaciated region is also much
more variable and can be substantially larger than Columbia River tributaries (Figure 2.9B).
Knickpoints identified in this study do not coincide with contacts or known faults
anywhere in the study area based on 1:100,000 mapping (Figure 2.8) (Tabor et al., 1987a).
Therefore, I interpret all knickpoints to be migrating rather than fixed in space. However,
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local changes in rock strength or bed erodibility not captured by large-scale mapping may
exist that could form a fixed knickpoint.

Incision
I use channel reaches above slope-break knickpoints to project relict profiles
downstream and estimate incision below the knickpoint caused by a change in forcing such
as increased uplift or base level fall (e.g. Clark et al., 2005). Channel projections indicate
channel reaches below slope-break knickpoints have incised an average of ~250 m through
bedrock. There is, however, immense variation with estimates ranging from 7-540 m (Table
2.1), so incision is indistinguishable between regions.
There are several terraces along the Columbia River that also indicate channel
incision by the Columbia River. Topographic profiles of terraces along the Columbia River
between the Entiat and Okanogan River confluences indicate terrace treads are between 40
and 220 m above the current river level (Figure 2.10). Some locations close to the Methow
and Okanogan River confluences have multiple terraces at different elevations including a
low terrace (~40 m), a high terrace (~140 m) and in some cases a middle terrace (~90 m)
(Figure 2.10). Terraces are largely fill and cut-in-fill terraces with an unknown depth to
bedrock beneath the alluvial deposits that compose the terraces (Waters, 1933; Waitt and
Thorson, 1983; Waitt et al., 2009).

Discussion
Analysis of stream channels suggests that several factors dictate patterns in channel
steepness and knickpoint distribution in the Entiat region. I examine the expected impact of
differential uplift, alpine glaciation, incision of the Columbia River and rock type on channel
steepness and knickpoint generation. Based on the observed patterns in channel steepness
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and knickpoint location, I determine which factors exert an influence on channels in the
Entiat region and their relative importance.

Differential uplift
Channel steepness and knickpoint distribution in the Entiat River basin and nearby
Columbia River tributaries allow for the possibility that the Swakane block is being uplifted
relative to the Entiat block. Steeper channels (Figure 2.6C) and the presence of several slopebreak knickpoints in the Swakane block (Figure 2.7) are consistent with either faster or more
recent uplift of the Swakane block compared to the Entiat block. Mylonite along the contact
between the Napeequa complex and Entiat pluton suggests the contact represents an ancient
fault (Tabor et al., 1987a; Tabor et al., 1987b) that if reactivated, could accommodate
differential uplift between the Entiat and Swakane blocks. However, a lack of knickpoints
along the Entiat/Napeequa contact (Figure 2.7) and no surface offset visible in the 10 m
DEM suggests differential uplift does not occur on this ancient fault or is too slow to present
a clear geomorphic signal.
Active folding could also drive differential uplift as seen in the Yakima folds to the
south (Reidel, 1984; Blakely et al., 2011). The Badger Mt. anticline (Tabor et al., 1987a),
which deforms the Columbia River basalts (CRB) southeast of the study area, projects
northwest across the Columbia River through the southwest portion of the Swakane block
(Figure 2.7). Increased uplift in an anticline could explain steeper channels in the Swakane
block. The steepest reaches of tributary channels are not aligned with the projected fold axis
of the Badger Mountain anticline, they are roughly aligned in the same north-northwest
trending band as the slope-break knickpoints (Figure 2.7) and could indicate a zone of
elevated uplift associated with a previously unmapped fold. The pre-Miocene erosion surface
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identified by Waters (1939) generally dips to the south (Figure 2.7), however, and thus does
not appear warped about the Badger Mt. anticline, the north-northwest-trending band of
elevated channel steepness, or any other known structure likely to accommodate north-south
shortening.
The data may, instead, signal regional uplift of the area west of the Columbia River
relative to interior Washington State. Significant channel incision downstream of slope-break
knickpoints in the study area (average of ~250 m) (Table 2.1) could also be the result of an
increase in regional erosion rate (Wobus et al., 2006). Although the original westward extent
of the CRB is unknown, the presence of small, tilted, high-elevation remnants of the CRB
west of the Columbia River (Mitchell and Montgomery, 2006b) versus nearly complete CRB
preservation east of the river is consistent with increased uplift and erosion west of the river
since the Miocene (Figure 2.7). Geologic mapping also shows deformation and uplift of the
Miocene CRB east and south of the study area (Tabor et al., 1982; Tabor et al., 1987a). In
addition, a paleobotanical study in the eastern Cascades along the Washington-Oregon border
found a rapid change in floral assemblages in the early Pliocene (~3-4 Ma), which they
associate with the establishment of the Cascade rain shadow following rapid uplift (Mustoe
and Leopold, 2014). Thermochronology and exposure dating also indicate that the eastern
Cascade Range has experienced an increase in erosion and exhumation rates since ~8 Ma
(Reiners et al., 2002; Reiners et al., 2003; Moon et al., 2011; Enkelmann et al., 2015).
If incision below slope-break knickpoints is the result of an increase in regional
erosion rates, I can use the timing of increased erosion proposed in previous studies to
consider the erosion rates necessary to accomplish the modeled incision (Figure 2.11).
Thermochronology requires that any increase in erosion rates must have occurred after 8 Ma
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(Reiners et al., 2002). If an increase occurred then, erosion rates only need to increase to 0.08
mm/yr, versus the long-term average of 0.05 mm/yr (Reiners et al., 2002), to accomplish 250
m of incision (Figure 2.11). If the increase in erosion rates is related to uplift of the Cascades
~3 million years ago (Takeuchi and Larson, 2005; Mustoe and Leopold, 2014), erosion must
have increased to three times above the long-term average to accomplish the same 250 m of
incision Figure 2.11). Erosion rates as high as 0.20 mm/yr (Moon et al., 2011) or 0.40 mm/yr
(Reiners et al., 2002) could have begun as recently as 1.5 Ma or 0.75 Ma, respectively
(Figure 2.11).
Such an increase in erosion rates could be the result of uplift of the study area.
Analysis of hypocenters of earthquakes in the Entiat-Chelan seismic swarm beneath the study
area (Figure 2.1) appear to define a planar structure at depth that dips ~15-20° to the
southwest and would daylight near Lake Chelan if projected to the surface (Crosson and
Creager, 2003). Because the study area is positioned in the hanging wall of this proposed
fault, slip on such a blind thrust would generate uplift and crustal shortening, and would be
relevant to the regional seismic hazard.
Regional uplift, however, cannot explain differences in channel steepness between
subregions in the study area, or patterns in vertical-step knickpoints. Therefore, I also explore
the impact of other factors in an attempt to explain all observed patterns in knickpoints and
channel steepness.

Glaciation
Alpine glaciation has significantly impacted valley morphology, channel steepness,
and knickpoint distribution in the glaciated portion of the Entiat valley. Glaciers excavated
the valley floor and dropped the base level of those channels that intersected the eroding
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portion of the glacier. Once the glacier receded, vertical-step knickpoints were left at the
mouth of each hanging valley (Figures 2.3 and 2.8F) and tributaries that intersected the
glacier became much steeper to adjust to the new base level (Figure 2.6A). Deep valley
excavation could also explain why vertical-step knickpoints in tributaries in the glaciated
zone have nearly three times as much median relief across those knickpoints than knickpoints
outside the glaciated region (Figure 2.9B). Glaciers occupied the Entiat River valley through
the Late Wisconsin glaciation (Long, 1996). If glaciers have only been absent for ~15,000
years and regional deformation is slow as suggested by geodetically-measured shortening
rates (McCaffrey et al., 2016) and nearby paleoseismic trenching (see Chapter 1), glacial
erosion may have overprinted evidence of slow uplift in the upper Entiat River basin.
Glaciation did not impact the entire valley, however. Therefore, glaciation cannot
explain channel steepness or knickpoint distribution in tributaries that join the Entiat River
beyond the glaciated region.

Regional base level fall
Incision of the Columbia River, which controls the base level of all channels in the
study area, is likely responsible for some of the observed distribution of vertical-step
knickpoints. Mapping of the study area at a 1:100,000 scale does not reveal local changes in
rock type or bed erodibility that would explain the presence of vertical-step knickpoints
(Figure 2.7). Therefore, knickpoints are more likely the result of a drop in base level of
between 40 and 300 m, based on knickpoint magnitude (Figure 2.9B) (Whipple et al., 2013).
Regional base level change could be the result of glacial outburst floods or tectonic
processes. Glacial outburst floods from Lake Missoula capable of considerable erosion
routinely flowed down the Columbia River valley between ~21 ka and ~13 ka (Baker and
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Bunker, 1985; Benito, 1997; Hanson et al., 2012). The Missoula floods scoured channels up
to 300 m deep (Bretz, 1925), suggesting the floods could have incised the bedrock channel of
the Columbia River enough to drop the base level for all tributaries and form the tributary
knickpoints observed. If vertical-step knickpoints are the result of flood-related incision, the
wide range in knickpoint magnitudes could be the result of multiple floods and thus multiple
episodes of channel incision. Alternatively, regional uplift since the late Miocene (e.g.
Takeuchi and Larson, 2005; Mustoe and Leopold, 2014) could have caused the Columbia
River to incise its channel to maintain its grade, thus lowering the regional base level for all
tributaries and forming knickpoints that would propagate upstream. The fact that these are
vertical-step knickpoints indicates that if such uplift occurred, it likely occurred as a single or
multiple brief pulses that caused the Columbia River to temporarily and rapidly incise its
channel rather than a persistent, ongoing increase in uplift, which would form the slope-break
knickpoints discussed earlier (Whipple et al., 2013).
A series of fill and cut-in-fill terraces (Waters, 1933; Waitt and Thorson, 1983; Waitt
et al., 2009) along the Columbia River between the Entiat and Okanogan River confluences
record a similar amount of incision (~40-220 m) as the vertical-step knickpoints in the
unglaciated zone and Columbia River tributaries (Figure 2.10). However, because the
incision is through fill, it is unlikely to be translated as bedrock knickpoints into nearby
tributaries. Therefore, bedrock incision by the Columbia River that formed the vertical-step
knickpoints probably occurred prior to deposition of the terrace fill, which is estimated to
have occurred at ~11-10 ka (Fryxell, 1965; Fryxell, 1973; Brooks and Crider, 2004).
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Rock type
Although differences in rock type have been shown to cause changes in channel
steepness and form stable knickpoints at lithologic contacts (Whipple et al., 1999; Duvall et
al., 2004; DiBiase et al., 2015), rock type does not exert an obvious influence on channel
steepness or knickpoint distribution in the study area. The steepest channels are hosted in
quartz diorite (Figure 2.6B). However, the channels in the quartz diorite coincide almost
completely with the glaciated region (Figures 2.3 and 2.7), thus it is not possible to
disentangle the contribution of rock type from the impact of glaciation. In the unglaciated
region, channels tend to be steepest in the Swakane gneiss, followed by the Napeequa
complex, the tonalite and the migmatite, respectively (Figure 2.6B), which suggests a
progression in decreasing rock strength, with the Swakane gneiss most resistant to erosion
and the migmatite least resistant. A lack of direct rock strength measurements prevents us,
however, from confidently linking rock type to channel steepness. Furthermore, the regional
geologic mapping on which rock type and channel steepness comparisons are based (Tabor et
al., 1987a) may not sufficiently capture smaller-scale variations in fracturing, foliation or
other factors that could influence rock strength and thus channel steepness.

Conclusions
This study illustrates potential challenges in using stream channel steepness and
knickpoint distribution as a straightforward means for identifying zones of differential uplift
in slowly deforming regions. In Swakane Canyon, channel analysis is not able to resolve a
signal of differential uplift across a strand of the southern Entiat fault thought to be active.
This could be because channels were too small for channel steepness analysis to be effective
or because differential uplift across the fault is too slow to generate a clear signal in this
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rapidly eroding landscape. Regionally, channel steepness patterns and the complex
distribution of knickpoints in channels of the Entiat River valley and nearby Columbia River
tributaries cannot be explained by a single factor. Rather, the results are consistent with a
landscape that retains evidence of a variety of factors including glacial erosion, base level
control from the Columbia River, and temporal changes in uplift. Glacial erosion dominates
the geomorphic signal in the upper portion of the Entiat valley and could conceal older or
subtler geomorphic signals of tectonic activity. Vertical-step knickpoints in the unglaciated
region and Columbia River tributaries indicate channels have been impacted by incision of
the Columbia River due to regional uplift or erosion during the Missoula floods or both.
Average modeled channel incision of ~250 m may be caused by an increase in erosion rates
at some point after 8 Ma, which could be the result of ongoing uplift of the study area. If
uplift of the study area is occurring, faulting associated with this deformation could be
capable of causing damaging earthquakes and thus contribute to the regional seismic hazard.

57

Chapter 2 Tables
Table 2.1. Channel incision estimates based on slope-break knickpoints
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Chapter 2 Figures

Figure 2.1. Map and DEM of western and central Washington State. The white box marks the
study area used for regional channel analysis in the eastern Cascades. Quaternary active
faults and folds, including fault-cored folds of the Yakima folds and the Spencer Canyon
Fault (SF), are identified as red lines. Major bedrock faults capable of accommodating
regional uplift and shortening in the eastern Cascades are marked as black lines and include
the Entiat fault (EF), Leavenworth fault (LF), Eagle Creek fault (ECF), Ross Lake fault zone
(RLFZ), Pasayten fault (PF) and Straight Creek fault (SCF). Black dots represent earthquakes
>M3.0 in the Entiat-Chelan Seismic Swarm since 1969.
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Figure 2.2. (A) DEM and slope map overlain with normalized channel steepness values in
Swakane Canyon, WA. Steepness is averaged for every 100 m reach. Black line shows the
location of the Swakane lineament. A slope-break knickpoint (green star) is present in the
Swakane Creek profile (B) and slope-area plot (C). (D) and (F) show channel profiles of two
types of channels in the upper canyon while (E) and (G) show their associated slope-area
plots. Black triangles mark channel knickpoints. Black stars indicate the same location in
channel 1310 in each plot.
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Figure 2.3. 10 m DEM and hillshade with normalized channel steepness of tributaries to the
Entiat River and nearby channels that drain directly to the Columbia River. Steepness is
averaged for each 500 m reach. Dashed lines delineate the geographic regions defined in the
text. Large black arrows point to a linear band of slope-break knickpoints. Maximum glacial
extent (blue line) during the LGM reached Ardenvoir, WA (A) (S.C. Porter, unpublished data
in Mitchell and Montgomery, 2006). Navarre (N) and Knapp (K) coulees are labeled. Black
squares and triangles mark slope-break and vertical-step knickpoints, respectively. Numbers
correspond to the channel numbers in Table 2.1.
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Figure 2.4. Schematic of channel profiles and slope-area plots for vertical-step (A and B) and
slope-break knickpoints (C and D), as defined by Haviv et al. (2010). Slope-invariant and
slope-decaying portions of channels are labeled. Panel (C) shows how incision is calculated
using the method of Clark et al. (2015).
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Figure 2.5. Plot of elevation vs. distance from the Entiat River mouth of channels shown on
figure 2.3. Channels are colored by normalized channel steepness averaged every 500 m.
Knickpoints identified from channel long profiles are marked by black squares (slope-break)
or triangles (vertical step). Bottom channel is the Entiat River. Upstream head of an
overdeepened section of the Entiat valley is around the 50 km mark and the channel regains
its normal gradient around the 30 km mark, which marks the end of the “glaciated zone” of
figure 2.3. “A” marks the location of Ardenvoir, WA.

63

Figure 2.6. Box plots show the relationship between full-channel averaged channel steepness
and region (A), rock type the channel incises (B), grouped block lithology (C) and combined
block lithology and region (D). The blue box is defined by the 1st and 3rd quartile of channel
steepness with the red line representing the median. Whiskers extend to the closest data point
less than 1.5 times the interquartile range. All data points outside this range are plotted as
outliers (+).
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Figure 2.7. Geologic map of the study area (Haugerud and Tabor, 2009) overlain with
normalized channel steepness values calculated for each 500 m channel reach. Thick dashed
lines outline lithologic blocks discussed in text. Thin dashed line shows the projection of the
Badger Mt. anticline (Tabor et al., 1987a) across the Columbia River. Striped polygons
represent the erosion surface of Waters (1939) and letters indicate the azimuth direction the
surface faces. Black squares and triangles represent slope-break and vertical-step knickpoints,
respectively.
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Figure 2.8. Box plots show patterns in knickpoint elevation (A), migration distance (B), and
location relative to the length of the tributary (C). D-F show the same but are additionally
grouped by region.
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Figure 2.9. Box plots showing the magnitude of slope-break (A) and vertical-step (B)
knickpoints grouped by region. Magnitude is expressed as the percent increase in channel
steepness from the upper to the lower reach for slope-break knickpoints and as the amount of
vertical drop over vertical-step knickpoints.
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Figure 2.10. 10 m DEM and hillshade of the Columbia River region between the Entiat and
Okanogan River confluences. White dots indicate the location of selected terrace profiles.
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Figure 2.11. (A) Plot showing when different proposed uplift rates must have begun to result
in 250 m of channel incision today. The black dashed line represents background channel
incision due to the long-term erosion rate of 0.05 mm/yr (Reiners et al., 2002). Solid black
lines represent the progression in channel incision expected at several proposed erosion rates
above the long-term average. The dashed red line indicates the observed average incision
estimated for channels projected from slope-break knickpoints in the study area (~250 m).
Proposed elevation rate increases range from 1.6x to 8x. Black star indicates the onset of
uplift of the Cascades as suggested by Mustoe and Leopold (2014) (B) Schematic depicting
how a channel profile can change when background erosion rates (E1) suddenly increase (E2)
through time. The difference in the elevation of the channel mouth from T0 to T2 equals total
incision. Slower erosion rates (e.g. E3) will result in less incision over the same time frame,
and thus require additional time to achieve an equal amount of incision.

69

References
Baker, V.R., and Bunker, R.C., 1985, Cataclysmic Late pleistocene flooding from glacial Lake
Missoula: A review: Quaternary Science Reviews, v. 4, no. 1, p. 1–41, doi: 10.1016/02773791(85)90027-7.
Bakun, W.H., Haugerud, R.A., Hopper, M.G., and Ludwin, R.S., 2002, The December 1872
Washington State Earthquake: Bulletin of the Seismological Society of America, v. 92, no. 8,
p. 3239–3258, doi: 10.1785/0120010274.
Barnett, E.A., Sherrod, B.L., Norris, R., and Gibbons, D., 2013, Paleoseismology of a newly discovered
scarp in the Yakima Fold-and-Thrust Belt, Kittitas County, Washington: U.S. Geological
Survey U.S. Geological Survey Scientific Investigations Map 3212.
Bender, A.M., Amos, C.B., Bierman, P., Rood, D.H., Staisch, L., Kelsey, H., and Sherrod, B., 2016,
Differential uplift and incision of the Yakima River terraces, central Washington State:
Journal of Geophysical Research: Solid Earth, v. 121, no. 1, p. 365–384, doi:
10.1002/2015JB012303.
Benito, G., 1997, Energy Expenditure and Geomorphic Work of the Cataclysmic Missoula Flooding in
the Columbia River GGorge, USA: Earth Surface Processes and Landforms, v. 22, no. 5, p.
457–472, doi: 10.1002/(SICI)1096-9837(199705)22:5<457::AID-ESP762>3.0.CO;2-Y.
Blakely, R.J., Sherrod, B.L., Weaver, C.S., Wells, R.E., and Rohay, A.C., 2014, The Wallula fault and
tectonic framework of south-central Washington, as interpreted from magnetic and gravity
anomalies: Tectonophysics, v. 624–625, p. 32–45, doi: 10.1016/j.tecto.2013.11.006.
Blakely, R.J., Sherrod, B.L., Weaver, C.S., Wells, R.E., Rohay, A.C., Barnett, E.A., and Knepprath, N.E.,
2011, Connecting the Yakima fold and thrust belt to active faults in the Puget Lowland,
Washington: Journal of Geophysical Research: Solid Earth, v. 116, no. B7, p. 1–33, doi:
10.1029/2010JB008091.
Blakely, R.J., Wells, R.E., Weaver, C.S., and Johnson, S.Y., 2002, Location, structure, and seismicity of
the Seattle fault zone, Washington: Evidence from aeromagnetic anomalies, geologic
mapping, and seismic-reflection data: Geological Society of America Bulletin, v. 114, no. 2, p.
169–177, doi: 10.1130/0016-7606(2002)114<0169:LSASOT>2.0.CO;2.
Bretz, J.H., 1925, The Spokane Flood beyond the Channeled Scablands: The Journal of Geology, v. 33,
no. 2, p. 97–115.
Brocklehurst, S.H., and Whipple, K.X., 2007, Response of glacial landscapes to spatial variations in
rock uplift rate: Journal of Geophysical Research: Earth Surface, v. 112, no. F2, p. 1–18, doi:
10.1029/2006JF000667.
Bronk Ramsey, C., 2009, Bayesian Analysis of Radiocarbon Dates: Radiocarbon, v. 51, no. 1, p. 337–
360, doi: 10.2458/azu_js_rc.51.3494.
Bronk Ramsey, C., 2008, Deposition models for chronological records: Quaternary Science Reviews,
v. 27, no. 1–2, p. 42–60, doi: 10.1016/j.quascirev.2007.01.019.
70

Brooks, J.M., and Crider, J.G., 2004, A new geomorphic map along the Columbia River corridor
between Pateros and Entiat, central Washington: Geological Society of America Abstracts
with Programs, v. 36, p. 14.
Cheney, E.S., and Hayman, N.W., 2009, The Chiwaukum Structural Low: Cenozoic shortening of the
central Cascade Range, Washington State, USA: Geological Society of America Bulletin, v.
121, p. 1135–1153, doi: 10.1130/B26446.1.
Clark, M.K., Maheo, G., Saleeby, J., and Farley, K.A., 2005, The non-equilibrium landscape of the
southern Sierra Nevada, California: GSA Today, v. 15, no. 9, p. 4–10.
Crosby, B.T., and Whipple, K.X., 2006, Knickpoint initiation and distribution within fluvial networks:
236 waterfalls in the Waipaoa River, North Island, New Zealand: Geomorphology, v. 82, no.
1–2, p. 16–38, doi: 10.1016/j.geomorph.2005.08.023.
Crosson, R.S., and Creager, K.C., 2003, High-resolution earthquake relocation in Cascadia: United
States Geological Survey 03HQGR0063, 15 p.
DiBiase, R.A., Heimsath, A.M., and Whipple, K.X., 2012, Hillslope response to tectonic forcing in
threshold landscapes: Earth Surface Processes and Landforms, v. 37, no. 8, p. 855–865, doi:
10.1002/esp.3205.
DiBiase, R.A., Whipple, K.X., Lamb, M.P., and Heimsath, A.M., 2015, The role of waterfalls and
knickzones in controlling the style and pace of landscape adjustment in the western San
Gabriel Mountains, California: GSA Bulletin, v. 127, no. 3–4, p. 539–559, doi:
10.1130/B31113.1.
Duvall, A., Kirby, E., and Burbank, D., 2004, Tectonic and lithologic controls on bedrock channel
profiles and processes in coastal California: Journal of Geophysical Research: Earth Surface,
v. 109, no. F3, p. 1–18, doi: 10.1029/2003JF000086.
Enkelmann, E., Ehlers, T.A., Merli, G., and Methner, K., 2015, Thermal and exhumation history of the
Eocene Chumstick Basin, Washington State, USA: Tectonics, v. 34, no. 5, p. 951–969, doi:
10.1002/2014TC003767.
Evans, J.E., 1994, Depositional history of the Eocene Chumstick Formation: Implications of tectonic
partitioning for the history of the Leavenworth and Entiat-Eagle Creek fault systems,
Washington: Tectonics, v. 13, no. 6, p. 1425–1444, doi: 10.1029/94TC01321.
Evans, J.E., 2010, The Chiwaukum Structural Low: Cenozoic shortening of the central Cascade Range,
Washington State, USA: Comment: Geological Society of America Bulletin, v. 122, no. 11–12,
p. 2097–2102, doi: 10.1130/B30152.1.
Fryxell, R., 1965, Mazama and Glacier Peak Volcanic Ash Layers: Relative Ages: Science, v. 147, no.
3663, p. 1288–1290, doi: 10.1126/science.147.3663.1288.
Fryxell, R., 1973, Salvage of Geochronological Information in the Wells Reservoir Area, Washington
(1964-1972): Laboratory of Anthropology, Washington State University, Pullman, WA, 35 p.

71

Gavin, D.G., 2001, Estimation of inbuilt age in radiocarbon ages of soil charcoal for fire history
studies: Radiocarbon, v. 43, no. 1, p. 27–44.
Giampiccolo, E., Musumeci, C., Malone, S.D., Gresta, S., and Privitera, E., 1999, Seismicity and stresstensor inversion in the central Washington Cascade Mountains: Bulletin of the Seismological
Society of America, v. 89, no. 3, p. 811–821.
Gomberg, J., Sherrod, B., Trautman, M., Burns, E., and Snyder, D., 2012, Contemporary Seismicity in
and around the Yakima Fold-and-Thrust Belt in Eastern Washington: Bulletin of the
Seismological Society of America, v. 102, no. 1, p. 309–320, doi: 10.1785/0120110065.
Gresens, R.L., Naeser, C.W., and Whetten, J.T., 1981, Stratigraphy and age of the Chumstick and
Wenatchee Formations: Tertiary fluvial and lacustrine rocks, Chiwaukum graben,
Washington: Summary: Geological Society of America Bulletin, v. 92, no. 5, p. 233–236, doi:
10.1130/0016-7606(1981)92<233:SAAOTC>2.0.CO;2.
Hack, J.T., 1957, Studies of longitudinal stream profiles in Virginia and Maryland: Professional Paper
USGS 294–B, 59 p.
Hanson, M.A., Lian, O.B., and Clague, J.J., 2012, The sequence and timing of large late Pleistocene
floods from glacial Lake Missoula: Quaternary Science Reviews, v. 31, p. 67–81, doi:
10.1016/j.quascirev.2011.11.009.
Haugerud, R.A., and Tabor, R.W., 2009, Geologic map of the North Cascade Range, Washington: U.S.
Geological Survey Scientific Investigations Series Map 2940, scale 1:200,000.
Haviv, I., Enzel, Y., Whipple, K.X., Zilberman, E., Matmon, A., Stone, J., and Fifield, K.L., 2010,
Evolution of vertical knickpoints (waterfalls) with resistant caprock: Insights from numerical
modeling: Journal of Geophysical Research: Earth Surface, v. 115, no. F3, p. 1-12, doi:
10.1029/2008JF001187.
Hooke, R.L., 1991, Positive feedbacks associated with erosion of glacial cirques and overdeepenings:
Geological Society of America Bulletin, v. 103, no. 8, p. 1104–1108, doi: 10.1130/00167606(1991)103<1104:PFAWEO>2.3.CO;2.
Hyndman, R.D., Mazzotti, S., Weichert, D., and Rogers, G.C., 2003, Frequency of large crustal
earthquakes in Puget Sound–Southern Georgia Strait predicted from geodetic and geological
deformation rates: Journal of Geophysical Research: Solid Earth, v. 108, no. B1, p. 1–12, doi:
10.1029/2001JB001710.
Johnson, S.Y., 1985, Eocene Strike-Slip Faulting and Nonmarine Basin Formation in Washington: The
Society of Economic Paleontologists and Mineralogists Special Publications, v. 37, p. 283–
302, doi: 10.2110/pec.85.37.0283.
Johnson, S.Y., Blakely, R.J., Stephenson, W.J., Dadisman, S.V., and Fisher, M.A., 2004, Active
shortening of the Cascadia forearc and implications for seismic hazards of the Puget
Lowland: Tectonics, v. 23, no. 1, p. 1–27, doi: 10.1029/2003TC001507.

72

Kelsey, H.M., Nelson, A.R., Hemphill-Haley, E., and Witter, R.C., 2005, Tsunami history of an Oregon
coastal lake reveals a 4600 yr record of great earthquakes on the Cascadia subduction zone:
Geological Society of America Bulletin, v. 117, no. 7–8, p. 1009–1032, doi: 10.1130/B25452.1.
Kelsey, H.M., Sherrod, B.L., Blakely, R.J., and Haugerud, R.A., 2012, Holocene faulting in the
Bellingham forearc basin: Upper-plate deformation at the northern end of the Cascadia
subduction zone: Journal of Geophysical Research: Solid Earth, v. 117, no. B3, p. 1–26, doi:
10.1029/2011JB008816.
Kirby, E., and Whipple, K.X., 2012, Expression of active tectonics in erosional landscapes: Journal of
Structural Geology, v. 44, p. 54–75, doi: 10.1016/j.jsg.2012.07.009.
Kirby, E., and Whipple, K., 2001, Quantifying differential rock-uplift rates via stream profile analysis:
Geology, v. 29, no. 5, p. 415–418, doi: 10.1130/00917613(2001)029<0415:QDRURV>2.0.CO;2.
Laravie, J., 1976, Geologic field studies along the eastern border of the Chiwakum graben, central
Washington [M.S. Thesis]: University of Washington, 58 p.
Long, W.A., 1996, Late Pleistocene and Holocene Chronology of Cirque Moraines:
http://www.nichols.edu/departments/glacier/qlong/ (accessed November 2016).
MacGregor, K.R., Anderson, R.S., Anderson, S.P., and Waddington, E.D., 2000, Numerical simulations
of glacial-valley longitudinal profile evolution: Geology, v. 28, no. 11, p. 1031–1034, doi:
10.1130/0091-7613(2000)28<1031:NSOGLP>2.0.CO;2.
Marliyani, G.I., Arrowsmith, J.R., and Whipple, K.X., 2016, Characterization of slow slip rate faults in
humid areas: Cimandiri fault zone, Indonesia: Journal of Geophysical Research: Earth Surface,
v. 121, no. 12, p. 2287–2308, doi: 10.1002/2016JF003846.
Matthews, M.H., 1979, Soil sample analysis of 5MT2148: Dominguez Ruin, Dolores, Colorado,
Appendix B, in The Dominguez Ruin: A McElmo phase pueblo in southwestern Colorado,
edited by A.D. Reed: Bureau of Land Management Cultural Resource Series vol. 7, 513 p.
Mazzotti, S., Dragert, H., Hyndman, R.D., Miller, M.M., and Henton, J.A., 2002, GPS deformation in a
region of high crustal seismicity: N. Cascadia forearc: Earth and Planetary Science Letters, v.
198, no. 1–2, p. 41–48, doi: 10.1016/S0012-821X(02)00520-4.
McCaffrey, R., King, R.W., Payne, S.J., and Lancaster, M., 2013, Active tectonics of northwestern U.S.
inferred from GPS-derived surface velocities: Journal of Geophysical Research: Solid Earth, v.
118, no. 2, p. 709–723, doi: 10.1029/2012JB009473.
McCaffrey, R., King, R.W., Wells, R.E., Lancaster, M., and Miller, M.M., 2016, Contemporary
deformation in the Yakima fold and thrust belt estimated with GPS: Geophysical Journal
International, p. 1–11, doi: 10.1093/gji/ggw252.
Menzies, J., 2002, Modern and Past Glacial Environments: Butterworth-Heinemann, Oxford, UK,
576 p.

73

Millard, H.T., Jr., and Maat, P.B., 1994, Thermoluminescence Dating Procedures In Use At The U.S.
Geological Survey, Denver, Colorado: U.S. Geological Survey Open File Report 94–249, 112 p.
Mitchell, S.G., and Montgomery, D.R., 2006a, Influence of a glacial buzzsaw on the height and
morphology of the Cascade Range in central Washington State, USA: Quaternary Research, v.
65, no. 1, p. 96–107, doi: 10.1016/j.yqres.2005.08.018.
Mitchell, S.G., and Montgomery, D.R., 2006b, Polygenetic topography of the Cascade Range,
Washington State, USA: American Journal of Science, v. 306, no. 9, p. 736–768, doi:
10.2475/09.2006.03.
Montgomery, D.R., and Foufoula-Georgiou, E., 1993, Channel network source representation using
digital elevation models: Water Resources Research, v. 29, no. 12, p. 3925–3934, doi:
10.1029/93WR02463.
Moon, S., Page Chamberlain, C., Blisniuk, K., Levine, N., Rood, D.H., and Hilley, G.E., 2011, Climatic
control of denudation in the deglaciated landscape of the Washington Cascades: Nature
Geoscience, v. 4, no. 7, p. 469–473, doi: 10.1038/ngeo1159.
Mustoe, G.E., and Leopold, E.B., 2014, Paleobotanical evidence for the post-Miocene uplift of the
Cascade Range: Canadian Journal of Earth Sciences, v. 51, no. 8, p. 809–824, doi:
10.1139/cjes-2013-0223.
Nelson, A.R., Kelsey, H.M., and Witter, R.C., 2006, Great earthquakes of variable magnitude at the
Cascadia subduction zone: Quaternary Research, v. 65, no. 3, p. 354–365, doi:
10.1016/j.yqres.2006.02.009.
Personius, S.F., Briggs, R.W., Nelson, A.R., Schermer, E.R., Maharrey, J.Z., Sherrod, B.L., Spaulding,
S.A., and Bradley, L.-A., 2014, Holocene earthquakes and right-lateral slip on the left-lateral
Darrington–Devils Mountain fault zone, northern Puget Sound, Washington: Geosphere, v.
10, no. 6, p. 1482–1500, doi: 10.1130/GES01067.1.
Porter, S.C., 1989, Some geological implications of average Quaternary glacial conditions:
Quaternary Research, v. 32, no. 3, p. 245–261, doi: 10.1016/0033-5894(89)90092-6.
Reidel, S.P., 1984, The Saddle Mountains; the evolution of an anticline in the Yakima fold belt:
American Journal of Science, v. 284, no. 8, p. 942–978, doi: 10.2475/ajs.284.8.942.
Reidel, S.P., Camp, V.E., Tolan, T.L., Kauffman, J.D., and Garwood, D.L., 2013, Tectonic evolution of
the Columbia River flood basalt province: Geological Society of America Special Papers, v.
497, p. 293–324, doi: 10.1130/2013.2497(12).
Reidel, S.P., Campbell, N.P., Fecht, K.R., and Lindsey, K.A., 1994, Late Cenozoic Structure and
Stratigraphy of South-Central Washington: Washington Division of Geology and Earth
Resources Bulletin, v. 80, p. 159–180.
Reimer, P., 2013, IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0–50,000 Years cal BP:
Radiocarbon, v. 55, no. 4, p. 1869–1887, doi: 10.2458/azu_js_rc.55.16947.

74

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck, C.E., Cheng, H.,
Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Haflidason, H., Hajdas, I., et al.,
2013, IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 years cal. B.P.:
Radiocarbon, v. 55, no. 4, p. 1869–1887.
Reiners, P.W., Ehlers, T.A., Garver, J.I., Mitchell, S.G., Montgomery, D.R., Vance, J.A., and Nicolescu,
S., 2002, Late Miocene exhumation and uplift of the Washington Cascade Range: Geology, v.
30, no. 9, p. 767–770, doi: 10.1130/0091-7613(2002)030<0767:LMEAUO>2.0.CO;2.
Reiners, P.W., Ehlers, T.A., Mitchell, S.G., and Montgomery, D.R., 2003, Coupled spatial variations in
precipitation and long-term erosion rates across the Washington Cascades: Nature, v. 426,
no. 6967, p. 645–647, doi: 10.1038/nature02111.
Rhodes, E.J., 2011, Optically Stimulated Luminescence Dating of Sediments over the Past 200,000
Years: Annual Review of Earth and Planetary Sciences, v. 39, no. 1, p. 461–488, doi:
10.1146/annurev-earth-040610-133425.
Rittenour, T., 2015, USU OSL Laboratory - How to Collect a Luminescence Sample:
http://www.usu.edu/geo/luminlab/howto.html (accessed September 2015).
Savage, W.Z., and Varnes, D.J., 1976, Gravitational spreading of steep-sided ridges (“sackung”) in
Western United States: Bulletin of the International Association of Engineering Geology Bulletin de l’Association Internationale de Géologie de l’Ingénieur, v. 13, no. 1, p. 23–35, doi:
10.1007/BF02634754.
Schoenbohm, L.M., Whipple, K.X., Burchfiel, B.C., and Chen, L., 2004, Geomorphic constraints on
surface uplift, exhumation, and plateau growth in the Red River region, Yunnan Province,
China: Geological Society of America Bulletin, v. 116, no. 7–8, p. 895–909, doi:
10.1130/B25364.1.
Schoeneberger, P.J., Wysocki, D.A., Benham, E.C., and Soil Survey Staff, 2012, Field book for
describing and sampling soils: Natural Resources Conservation Service, National Soil Survey
Center, Lincoln, NE.
Sherrod, B.L., Barnett, E., Schermer, E., Kelsey, H.M., Hughes, J., Foit, F.F., Weaver, C.S., Haugerud, R.,
and Hyatt, T., 2013, Holocene tectonics and fault reactivation in the foothills of the north
Cascade Mountains, Washington: Geosphere, v. 9, no. 4, p. 827–852, doi:
10.1130/GES00880.1.
Sherrod, B.L., Blakely, R.J., Barnett, E.A., Schermer, E., Lasher, J.P., Sherrod, J.M., Miller, B., and
Slaughter, S., 2014, A Candidate Fault Scarp from the 1872 Earthquake near Chelan,
Washington: Seismological Research Letters, v. 85, no. 2, p. 519–520.
Sherrod, B.L., Blakely, R.J., Lasher, J.P., Lamb, A., Mahan, S.A., Foit, F.F., and Barnett, E.A., 2016,
Active faulting on the Wallula fault zone within the Olympic-Wallowa lineament,
Washington State, USA: Geological Society of America Bulletin, p. 1636–1659, doi:
10.1130/B31359.1.

75

Sherrod, B.L., Blakely, R.J., and Weaver, C.S., 2015, Lidar helps identify source of 1872 earthquake
near Chelan, Washington, in American Geophysical Union Fall Meeting, San Francisco, CA, p.
2826.
Singh, K.K.K., 2005, Delineation of clay layers using ground penetrating radar to check groundwater
depletion: Minetech, v. 26, no. 6, p. 21–27.
Sklar, L., and Dietrich, W.E., 1998, River Longitudinal Profiles and Bedrock Incision Models: Stream
Power and the Influence of Sediment Supply, in Tinkler, K.J. and Wohl, E.E. eds., Rivers Over
Rock: Fluvial Processes in Bedrock Channels, American Geophysical Union, p. 237–260.
Tabor, R.W., Frizzell Jr., V.A., Whetten, J.T., Swanson, D.A., Byerly, G.R., Booth, D.B., Hetherington,
M.J., Waitt Jr., R.B., and Zartman, R.E., 1987a, Geologic Map of the Chelan 30 x 60
quadrangle Washington: U.S. Geological Survey Miscellaneous Investigations Series Map I1661, scale 1:100,000.
Tabor, R.W., Waitt, R.B., Frizzell Jr., V.A., Swanson, D.A., Byerly, G.R., and Bentley, R.D., 1982,
Geologic Map of the Wenatchee 1:100,000 Quadrangle, Central Washington: U.S. Geological
Survey Miscellaneous Investigations Series Map I-1311, scale 1:100,000.
Tabor, R.W., Zartman, R.E., and Frizzell Jr., V.A., 1987b, Possible tectonostratigraphic terranes in the
North Cascades crystalline core, Washington, in Selected papers on the geology of
Washington, Washington Division of Geology and Earth Resources Bulletin, p. 107–127.
Takeuchi, A., and Larson, P.B., 2005, Oxygen isotope evidence for the late Cenozoic development of
an orographic rain shadow in eastern Washington, USA: Geology, v. 33, no. 4, p. 313–316,
doi: 10.1130/G21335.1.
Taylor, R.E., Long, A., and Kra, R.S. (Eds.), 1992, Radiocarbon After Four Decades: An Interdisciplinary
Perspective: Springer New York, New York, NY, 596 p.
Thompson, S.C., Weldon, R.J., Rubin, C.M., Abdrakhmatov, K., Molnar, P., and Berger, G.W., 2002,
Late Quaternary slip rates across the central Tien Shan, Kyrgyzstan, central Asia: Journal of
Geophysical Research: Solid Earth, v. 107, no. B9, p. 1–32, doi: 10.1029/2001JB000596.
U.S. Geological Survey, Nevada Bureau of Mines and Geology, and California Geological Survey, 2006,
Quaternary fault and fold database for the United States:
https://earthquake.usgs.gov/hazards/qfaults/ (accessed October 2016).
Waitt, R.B., Denlinger, R.P., and O’Connor, J.E., 2009, Many monstrous Missoula floods down
Channeled Scabland and Columbia Valley: Field Guides, v. 15, p. 775–844, doi:
10.1130/2009.fld015(33).
Waitt, R.B., Jr., and Thorson, R.M., 1983, The Cordilleran Ice Sheet in Washington, Idaho, and
Montana, in Late Quaternary Environments of the United States: The Late Pleistocene,
University of Minnesota Press, p. 53–70.
Waters, A.C., 1933, Terraces and Coulees Along the Columbia River Near Lake Chelan, Washington:
Geological Society of America Bulletin, v. 44, no. 4, p. 783–820, doi: 10.1130/GSAB-44-783.

76

Wells, D.L., and Coppersmith, K.J., 1994, New empirical relationships among magnitude, rupture
length, rupture width, rupture area, and surface displacement: Bulletin of the Seismological
Society of America, v. 84, no. 4, p. 974–1002.
Wells, R.E., and McCaffrey, R., 2013, Steady rotation of the Cascade arc: Geology, v. 41, no. 9, p.
1027–1030, doi: 10.1130/G34514.1.
Wells, R.E., and Simpson, R.W., 2001, Northward migration of the Cascadia forearc in the
northwestern U.S. and implications for subduction deformation: Earth, Planets and Space, v.
53, no. 4, p. 275–283, doi: 10.1186/BF03352384.
Wells, R.E., Weaver, C.S., and Blakely, R.J., 1998, Fore-arc migration in Cascadia and its neotectonic
significance: Geology, v. 26, no. 8, p. 759–762, doi: 10.1130/00917613(1998)026<0759:FAMICA>2.3.CO;2.
Whipple, K.X., 2004, Bedrock Rivers and the Geomorphology of Active Orogens: Annual Review of
Earth and Planetary Sciences, v. 32, no. 1, p. 151–185, doi:
10.1146/annurev.earth.32.101802.120356.
Whipple, K.X., DiBiase, R.A., and Crosby, B.T., 2013, Bedrock Rivers, in Treatise on Geomorphology,
Academic Press, San Diego, CA, p. 550–573.
Whipple, K.X., Kirby, E., and Brocklehurst, S.H., 1999, Geomorphic limits to climate-induced
increases in topographic relief: Nature, v. 401, no. 6748, p. 39–43, doi: 10.1038/43375.
Whipple, K.X., and Tucker, G.E., 1999, Dynamics of the stream-power river incision model:
Implications for height limits of mountain ranges, landscape response timescales, and
research needs: Journal of Geophysical Research: Solid Earth, v. 104, no. B8, p. 17661–
17674, doi: 10.1029/1999JB900120.
Whipple, K., Wobus, C., Crosby, B., Kirby, E., and Sheehan, D., 2007, New tools for quantitative
geomorphology: Extraction and interpretation of stream profiles form digital topographic
data, in Geological Society of America Annual Meeting, Denver, CO, p. 1–26.
Wobus, C., Whipple, K.X., Kirby, E., Snyder, N., Johnson, J., Spyropolou, K., Crosby, B., and Sheehan,
D., 2006, Tectonics from topography: Procedures, promise, and pitfalls: Geological Society of
America Special Papers, v. 398, p. 55–74, doi: 10.1130/2006.2398(04).

77

Supplemental Figures:
Figure S1: Lidar map of southern Entiat fault (see inside back cover supplement sleeve).
Figure S2: 1:15 scale Slick Grass trench log (see inside back cover supplement sleeve).
Figure S3: 1:25 scale Field logs and photomosaics of Slick Grass trench (see inside back
cover supplement sleeve).
Figure S4: 1:22 scale Logger’s Road trench log (see inside back cover supplement sleeve).
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Figure S2: Full detail log of the Slick Grass trench. Unit descriptions are made according to USDA soil taxonomy classification guidelines. (Schoeneberger et al., 2012). Unit interpretations are bracketed at the end of each description. Radiocarbon ages are reported as a range of calibrated calendar
years B.P. including 2σ error. Bold ages in trench log represent dates consistent with trench stratigraphy. IRSL ages are reported as years ago ± 2σ error. Label below ages refers to sample numbers in Table 1.1 (radiocarbon) and Table 1.2 (IRSL).

Slick Grass Trench
Topographic profile of hillslope at Slick Grass trench

1165

Unit Descriptions

Light brownish gray (6/2 10YR) well-consolidated very gravelly
silty loam with subangular pebbles, few cobbles and common
very fine to very coarse roots. 5-10 cm gradational lower contact.
Clast long axes define distinct downslope-dipping
depositional fabric that is gentler to the southwest. Moderately
developed granular to subangular blocky soil structure. 5-10 cm
gradual wavy contact. [Bw-horizon developed in colluvium]

Unit 6

6a

Unit 5

5b

Grayish brown (5/2 10YR) well-consolidated very gravelly silty
clay loam with subangular pebbles and few cobbles and common
very fine to very coarse roots. Clasts predominantly oriented
parallel to slope. Weakly developed granular to subangular
blocky soil structure. 2-5 cm clear wavy contact. [Bw-horizon
developed in colluvium]

5a
5 H4

4

3c
3b

Yellowish brown (6/4 10YR) moderately-consolidated extremely
gravelly loam with angular pebbles and cobbles. Moderately
few very fine roots. No depositional fabric is evident. ~3 cm clear
irregular contact. [CB-horizon weakly devleoped in colluvium]

1130

Yellowish brown (6/4 10YR) poorly-consolidated coarse gravel
with angular pebbles and cobbles (max 35 cm) with pervasive
dark reddish brown oxidation staining (3/5 5YR). Loamy sand
matrix between clasts. Average clast size decreases to the
southwest and clast long axes produce a depositional fabric
that parallels the orientation of the upper contact. Few fine to
very fine roots. Abrupt wavy lower contact. [Colluvium]

1120

2

Yellowish brown (5/6 10YR) well-consolidated very gravelly loam with
subangular pebbles and few cobbles. Common very fine to medium
roots. Clast long axes define distinct downslope-dipping depositional
fabric that is gentler to the southwest, dips upslope in the
southwest toe. Weakly developed subangular blocky soil structure.
Very abrupt wavy contact. [BC-horizon developed in colluvium]

1145

Light brown (6/3 7.5YR) well-consolidated very gravelly loam with
subangular pebbles and cobbles and moderately few very fine to
fine roots. 3-6 cm clear to gradual wavy contact. [CB-horizon
weakly developed in colluvium]

3a

Poorly-consolidated brown (5/3 7.5YR) gravelly silt loam with
many very fine to very coarse roots. Heavily root-disturbed
pockets in unit 5a. Moderately developed subangular
blocky soil structure. 2-5 cm clear broken contact. [BA-horizon
developed in colluvium].
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1.9 m vertical separation
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Vertical log distance markers

Northwest Wall

Lithologic contact (inferred)
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Samples

Clast
Roots
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6b

4

796-928
SG-28B

5b

Mottling in clay

IRSL sample

?

5a

?

?

Oriented clay block sample

6a
3a

?

?

?

5a

313-478
SG-22A
2755-2846
SG-03A

4861-5036
SG-30A 4860-5213
SG-30B

Core stone of Swakane gneiss in the saprolite.
Clay contains numerous mm-size clasts of gneiss,
suggesting its origin as heavily weathered
Swakane gneiss.

1

7
5a

Inferred fault

NE

SW

H3

6b

Units in the southeast wall are consistently lower in elevation than
equivalent units on the opposing wall because the trench was dug
perpendicular to the lineament but obliquely to the slope, with the southeast
side positioned lower than the northwest wall.

7

Distinct depositional fabric in gravel defined
by clast long axes.

1

4837-4960
SG-08A

A thin section made from unit 1a reveals
deep weathering of a rock with gneissic
composition and no cataclastic or shear
textures that would suggest fault gouge.
It is likely a saprolite.

Southeast Wall

2719-2760
SG-23B
1305-1476
SG-23C

3a

1

Test pit

4

4

1650±280
SG-33-OSL

2

Thin veneer of old hillslope colluvium that
was largely stripped prior to the APE.

2117-2308
SG-25B
986-1176
SG-25C

Large fractured boulders of
Swakane gneiss.

3d

2 H1

910±120
SG-32-OSL

?

3c

5b

4

729-908
SG-23A

1040±120
SG-34-OSL

7

80

1580±160
SG-31-OSL

800-963
SG-29A

Unit 3 colluvium laps over the inferred
fault after the accommodation space
filled.

Fabric orientation, faint

Bulk radiocarbon sample

Re-interpreted contact between
unit 4 and unit 5a/6a based on
trench photographs.

Toe of unit 3 is warped above
the inferred fault.

Fabric orientation, distinct

70

6b
6a

A small prism of unit 4 colluvium exhibits
faint upslope-dipping depositional
fabric. Probably represents a portion
of unit 4 deformed during
3838-3982
the MRE.
SG-19A

Clasts are stained a reddish-brown,
throughout unit 3a, oxidation from weathering

3

A small wedge of unit 4 exhibits
faint upslope-dipping depositional fabric.
Probably represents portion of unit 4
deformed during the MRE.

6a

H2

5a

4

5b
2160-2378
SG-18A

4
3c

3b

2

H1

Streaks represent sub-horizontal black mottling in the
saprolite. Mottling also includes bands of oranges,
yellows, and greys in similar sub-horizontal orientation.
No other structure is visible in the clay.

3a
1

3a

Well consolidated area of unit 3a gravel

V5

Depositional fabric changes throughout
unit 3a. Fabric dips steeply downslope in the
northeast portion of the unit, is sub-horizontal
near the center of the unit and dips upslope
in the southwest portion of the unit. Fabric has
likely been deformed during the PE and MRE.

9

V4

Apparent warp in units is due to the
distortion caused by a step cut in the
trench wall (NE side is cut back into
the wall farther than the SW side)
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Slick Grass Trench photomosaics
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?

60

Distinct depositional fabric defined
by clast long axes. Fabric dips steeply
downslope in the upper trench, dips
more gently to the southwest. Fabric
dips slope-parallel at the southwest
toe and at the top of the unit.

Gray (5/1 10G) massive clay with few mm-size subrounded clasts of
heavily weathered Swakane gneiss bedrock and pervasive black
(2.5/N) yellow and orange (5/8-6/8 7.5YR) tabular mottling. Few very
fine to fine roots. [Deeply weathered bedrock - saprolite]

Lithologic contact
?

50

3a

Pale yellow (7/4 2.5Y) well-consolidated silty clay with subangular
pebbles (~15%) and few very fine to fine roots. Weakly developed
subangular blocky soil structure. ~3 cm clear wavy contact
[CB-horizon weakly developed in remnant of stripped sediment or
lens of weathered bedrock]

Symbols

Lithologic contact (approx.)

7
6b

1125

Legend
Contacts

Test pit

Projected average
ground surface

2007-2304 742-916
SG-26C SG-26B

4 H3

NE

Surface topography along
the trench centerline
measured from a 1 m
resolution DEM
Averaged surface above
and below the
topographic bench

Vertical Distance (m)

Poorly-consolidated brown (5/3 7.5YR) gravelly silt loam with
many very fine to very coarse roots. Heavily root-disturbed
pockets in unit 6a. Moderately developed subangular
blocky soil structure. 2-5 cm clear broken contact. [BA-horizon
developed in colluvium].

6b

6

3d

Yellowish brown (6/4 10YR) well-consolidated very gravelly loam
with subangular pebbles and few cobbles and common very fine
to very coarse roots. Clasts predominantly oriented parallel to
slope. Weakly developed subangular block soil structure. ~2cm
clear wavy contact. [CB-horizon developed in colluvium]

Elevation (m)

7

7

1155

Poorly-consolidated brown (4/2 7.5YR) silty clay loam with angular
pebbles and many very fine to fine roots. ~5 cm clear wavy
contact. [A-horizon developed in modern topsoil].

Unit 3
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1160
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V4
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7
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Figure S3: Scans of the original, hand-drawn field trench log for both walls of the Slick Grass trech. Field log is used to establish unit boundaries and prominent unit characteristics in the final, digital log.

Slick Grass Trench field logs and photomosaics
V1

V2

V3

Northwest Wall
V4

V5

V6

V7

Southeast Wall

V8

V5

V4

V3

H3

H2

H2

H1

H1

0

0.5

1

2m

Figure S4: Full detail log of the Logger’s Road trench and topographic profile of the ground surface at the trench site. Unit descriptions are made according to USDA soil taxonomy classification guidelines. (Schoeneberger et al., 2012). Unit interpretations
are bracketed at the end of each description. Logs include detailed notes of important trench features. Radiocarbon ages are reported as a range of calibrated calendar years B.P. including 2σ error. Labels beneath ages refer to sample numbers in Table 1.1.

Logger’s Road Trench
SW

NE
1310

Logger’s Road trench topographic profile

Surface topography
along the trench
centerline measured
from a 1 m resolution DEM

2 H1

Vertical log distance markers

Vertical Distance (m)

3 H2

Elevation (m)

1300
2.3 m surface offset

1290

Faint downslope-dipping
depositional fabric defined
by clast long axes.

Averaged surface above
and below the topographic
bench

2b
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Projected average ground
surface
0
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70
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3

100

1

2b

Large boulders of fractured
Swakane gneiss.

2a
1

3
3
2b
2a

Unit 1 was too well consolidated
and coarse grained to dig through
by hand, limiting observation of
subsurface stratigraphy.

2b

Poorly consolidated grayish brown (5/2 10 YR) silty clay loam
with few pebbles. Many pine needles and plant fragments,
concentrated in upper 5 cm. Few to common very fine to fine
roots. Weakly developed subangular blocky soil structure. ~2 cm
clear wavy contact. [A-horizon developed in colluvium]
Poorly consolidated light brownish gray (6/2 10YR) silty clay loam
with few pebbles. Pine needles and plant fragments. Heavily root
disturbed with few to common very fine to fine roots, 2 very coarse
roots. Weakly developed subangular blocky soil structure. ~3 cm
clear wavy contact. [AB-horizon developed in colluvium]

2a

1

Legend
Well-consolidated brown (5/2 7.5YR) fine pebbly gravel with a
silty loam matrix. Few to common very fine to very coarse roots.
Faint sedimentary fabric defined by clast long axis orientations
dips steeper than hillslope surface near the center of the trench.
Weakly developed subangular blocky soil structure. 5-15 cm gradual
wavy contact. [B-horizon developed in colluvium]
Well consolidated light brown (6/3 7.5YR) angular to sub-angular
pebbly gravel with cobbles and a sandy loam matrix. Few to
common very fine to fine roots. Weakly developed subangular
blocky soil structure. [C-horizon, fractured and weathered bedrock
or coarse colluvium]
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